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Abstract  -  Directional-hemispherical  and  bihemispherical  spec¬ 
tral  and  broadband  1-km  land  albedos  will  be  available  from  the 
MODIS  BRDF/albedo  product  routinely  starting  in  1998. 

INTRODUCTION 

In  climate  and  weather  modeling,  three  key  parameters  related 
to  the  land  surface  that  need  to  be  taken  into  consideration  are  the 
aerodynamic  roughness  length,  surface  resistance,  and  albedo. 
Of  these,  we  will  provide  bimonthly  global  albedo  to  the  user 
community  at  a  spatial  resolution  of  one  kilometer  derived  from 
Earth  Observing  System  (EOS)  MODIS  and  MISR  sensor  data 
in  form  of  the  MODIS  BRDF/Albedo  Product  [1]. 

THE  MODIS  BRDF/albedo  product 

In  1998,  the  cross-track  scanning  MODIS  sensor  and  the  along- 
track  imaging  MISR  sensor  will  be  launched  on  board  NASA’s 
EOS-AM-1  platform.  Data  from  both  of  these  sensors  will  be 
combined  to  rountinely  produce  global  databases  of  bidirec¬ 
tional  reflectance  and  albedo.  Albedos  and  BRDF  will  be  given 
in  seven  MODIS  spectral  bands  centered  at  460, 555, 659, 865, 
1240,  1640,  and  2130nm,  of  which  the  first  four  have  corre¬ 
sponding  MISR  spectral  bands.  Additionally,  albedos  will  be 
produced  in  two  broadband  ranges,  divided  by  700nm,  and  for 
the  total  spectral  range. 

The  product  will  provide  both  black-sky  (directional-hemi¬ 
spherical)  and  white-sky  (bihemispherical)  albedo,  defined  be¬ 
low.  Black-sky  albedo  will  be  given  parametrized  for  its  solar- 
zenith  angle  dependence,  allowing  recovery  of  values  for  any 
solar  zenith  angle  using  a  small  look-up  table  that  will  be  de¬ 
livered  with  the  product.  Black-sky  albedo  will  also  be  given 
explicitly  for  the  median  sun-angio  of  the  observations,  which 
is  a  function  of  geographic  latitude  and  the  time  of  year.  Addi¬ 
tionally,  white-sky  alb^o  will  be  provided. 

The  temporal  resolution  of  the  product  will  be  16  days  (the 
MISR  two-look  repeat  time).  The  spatial  resolution  will  be  one 
kilometer,  allowing  reliable  deduction  of  subresolution  variabil¬ 
ity  of  albedo  for  use  in  coarse-resolution  grids  (for  example  in 
GCMs)  in  regions  of  small-scale  landscape  heterogeneity. 

The  MODIS  BRDF/albedo  product  will  provide  the  BRDF 
of  each  pixel  by  giving  the  parameters  of  one  of  six  semiem- 
pirical  kernel-driven  BRDF  models  [1,2],  where  each  model  is 
suited  for  a  structurally  different  type  of  land  cover  and  is  cho¬ 
sen  after  consideration  of  the  RMSEs  found  for  each  model  in 
inverting  the  observed  multiangle  reflectances.  The  land  cover 
class  of  the  pixel  is  used  for  choosing  a  model  if  the  angular 
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sampling  available  is  deemed  insufficient.  Both  albedo  and 
BRDF  will  be  delivered  with  a  full  range  of  quality  controls 
providing  information  about  the  extent  of  angular  sampling  that 
went  into  the  retrieval  and  expected  error  margins. 

Black-Sky  and  Whitye-Sky  Albedo 

Land  surface  albedo  provides  a  first-order  feedback  of  radia¬ 
tion  into  the  atmosphere.  It  characterizes  the  average  or  in¬ 
tegral  reflective  properties  of  a  land  surface  under  prevailing 
illumination  conditions  as  the  integral  ratios  of  upwelling  and 
downwelling  radiances,  where  illumination  is  assumed  not  only 
from  the  direction  of  the  sun  but  the  hemispherical  distribution 
of  diffuse  skylight  due  to  atmospheric  aerosols  is  fully  taken 
into  account. 

It  is  in  this  form  that  land  surface  albedo  enters  into  theories 
of  radiation  transport  in  the  atmosphere,  such  as  are  used  in 
climate  models  and  in  atmospheric  correction.  However,  due 
to  the  dependence  of  the  downwelling  irradiance  and  hence  of 
the  albedo  on  atmospheric  state,  this  expression  of  albedo  is  of 
use  only  in  applications  that  require  knowledge  of  albedo  at  the 
exact  time  of  satellite  overpass. 

If  albedo  is  to  be  used  in  climate  and  biosphere  models,  it 
needs  to  be  decoupled  from  the  atmospheric  state  found  during 
the  satellite  observations  and  expressed  as  an  intrinsic  surface 
property  that  may  later  be  coupled  to  a  different  atmospheric 
state.  The  MODIS  BRDF/albedo  product  takes  this  require¬ 
ment  into  account  by  providing  two  measures  of  albedo  that  are 
intrinsic  surface  properties.  Each  describes  one  of  two  limit¬ 
ing  cases:  the  case  of  absence  of  diffuse  skylight,  i.e.,  direc¬ 
tional  illumination  from  the  sun  alone,  and  the  case  of  perfectly 
diffuse  illumination.  The  former,  termed  “black-sky  albedo” 
(«(,,),  is  a  function  of  solar  zenith  angle.  The  latter,  termed 
“white-sky  albedo”  is  a  constant.  These  albedos  are 

derived  as  the  directional-hemispherical  and  the  bihemispheri¬ 
cal  integrals  of  the  surface  bidirectional  reflectance  distribution 
function  (BRDF): 

2jr  ’r/2 

//  p{9, ,  9v )  <l>\  d\)  cos  6^  sin  0vd6ud<j>, 

0  0 

7r/2 

a^,id\)  =  2  I  ai,,  {6/,dX)  sin  0,  cos  0,  d0, , 

0 

where  0,  and  0v  are  solar  and  view  zenith  angles,  respectively, 
(j>  the  relative  azimuth  between  viewing  and  solar  direction,  d\ 
is  the  wave  band,  and  p  is  tt  BRDF. 
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Algorithm  Theoretical  basis 


Misfit  Sensitivity  Analysis 


Albedos  will  be  derived  through  integration  of  the  BRDFs  ob¬ 
tained  from  inverting  atmospherically  corrected  multiangular 
reflectances  against  BRDF  models.  The  combined  MODIS 
and  MISR  observation  geometry  makes  such  inversions  feasi¬ 
ble.  The  models  used  are  semiempirical  kernel-driven  BRDF 
models  employing  kernel  functions  derived  from  physical  con¬ 
siderations  of  theories  of  volume  and  surface  scattering  of  light. 
They  are  the  RossThin-LiSparse,  the  RossThick-LiSparse,  the 
RossThin-LiDense,  the  RossThick,  and  the  LiDense  models, 
described  by  Wanner  et  al.  [2].  Additional  provisions  are 
made  for  snow  and  water  reflectances.  These  models  have  been 
shown  to  provide  adequate  fits  to  field-observed  BRDF  data  [3] . 

Noise  Sensitivity  Analysis 

The  sensitivity  of  the  albedos  derived  to  random  noise  is  de¬ 
pendent  on  the  angular  distribution  of  the  reflectance  samples 
obtained.  This  distribution  is  specific  to  the  orbital  and  instru¬ 
mental  characteristics  of  the  MODIS  and  MISR  sensors,  and 
varies  with  latitude  and  time  of  year.  Using  the  xsatview  soft¬ 
ware  developed  by  Barnsley  and  Morris,  we  have  simulated 
the  viewing  geometries  encountered  in  each  16-day  period  by 
MODIS  and  MISR,  and  have  investigated  the  sensitivity  of  vari¬ 
ous  parameters  to  random  noise.  Due  to  the  mathematical  form 
of  the  BRDF  models  used,  this  analysis  could  be  carried  out 
analytically  using  a  theory  of  deriving  so-called  weights  of  de¬ 
termination  by  Gauss  (see  [4],  and  [5]  at  this  conference).  This 
analysis  is  independent  of  the  form  of  the  BRDF  observed. 

Fig.  1  shows  on  the  top  left  the  dependence  of  expected 
black-sky  albedo  error  on  latitude  for  four  different  days  of 
the  year  (left),  where  black-sky  albedo  has  been  derived  at 
the  mean  sun  angle  during  the  observations  and  assuming  the 
RossThick-LiSparse  model  as  an  example.  A  random  noise 
RMSE  in  fitting  of  10  percent  was  assumed  in  producing  these 
plots,  but  note  that  the  linear  nature  of  kernel-driven  models 
implies  that  the  error  scales  linearly  with  the  RMSE.  As  can 
be  seen,  the  error  in  albedo  is  smaller  than  the  observation 
error,  signifying  a  stable  retrieval  of  albedo  at  the  prevailing 
sun  zenith  angle.  There  is  a  slight  dependence  on  sampling 
latitude.  On  the  top  right.  Fig.  1  shows,  for  different  latitudes, 
the  error  expected  when  predicting  black-sky  albedo  at  different 
solar  zenith  angles,  where  the  observations  were  made  at  the 
respective  solar  zenith  angle  giving  by  sampling  and  at  different 
latitudes.  The  plot  shown  is  for  sampling  on  the  first  day  of  the 
year.  All  curves  show  best  retrievals  in  the  zenith  angle  range 
where  the  sun  is  actually  to  be  found  in  the  sky  during  the 
observations.  Extrapolation  of  black-sky  albedo  to  sun  zeniths 
of  more  than  about  60  degrees  is  problematic. 

On  the  lower  left.  Fig.  1  shows  the  white-sky  albedo  error, 
again  using  the  example  of  the  RossThick-LiSparse  model  and 
assuming  a  10  percent  noise  RMSE.  Deriving  white-sky  albedo 
requires  extrapolation  of  the  BRDF  to  angles  where  no  observa¬ 
tions  were  made,  hence  the  error  is  larger  than  for  the  black-sky 
albedo  at  mean  sun  angle.  But  still  it  is  less  than  the  noise  level; 
it  depends  strongly  on  the  latitude.  Observe  the  shift  of  error  as 
the  zenith  of  the  sun  shifts  with  season. 


A  numerical  3D  discrete  ordinate  radiative  transfer  code  pro¬ 
vided  by  Myneni  [6]  was  used  to  generate  different  types  of 
forward  BRDFs.  These  were  BRDFs  of  6  land  cover  types 
(biome  types),  such  as  grassland/cereal  crops,  brushland,  or 
forest.  The  MODIS  BRDF/albedo  models  were  then  inverted 
for  16-day  MODIS/MISR  sampling  as  a  function  of  latitude  and 
time  of  year.  The  purpose  of  Ais  study  was  to  investigate  suc¬ 
cess  and  failure  of  model  interpolation  and  extrapolation  under 
realistic  sampling  conditions. 

Fig.  1  shows,  in  the  middle  panels,  results  for  black-sky 
albedo  using  the  example  of  a  grassland/cereal  crop  BRDF  and 
sampling  on  day  of  the  year  192.  The  red  band  results  are  shown 
on  the  left,  the  NIR  results  on  the  right.  Black-sky  albedo  was 
retrieved  at  the  mean  sun  zenith  angle  of  the  observations  and  at 
10  degrees  solar  zenith,  requiring  extrapolation  of  the  observed 
BRDF.  In  the  red,  the  absolute  error  is  less  than  about  0.002  in 
most  cases,  with  albedo  values  of  typically  0.036.  This  gives 
an  error  of  about  5  percent.  The  extrapolated  albedos  are  better 
if  the  zenith  extrapolated  to  is  close  to  the  actual  mean  zenith 
of  observations.  In  the  NIR,  albedo  at  the  mean  sun  zenith  is 
mostly  accurate  to  about  0.02,  with  albedos  of  about  0.42.  This 
again  is  an  accuray  of  about  5  percent.  The  accuracy  of  albedos 
extrapolated  to  10  degrees  solar  zenith  is  about  10  percent. 

The  lower  right  panel  shows  that  the  accuracy  of  white-sky 
albedo  retrieval  varies  with  latitude.  At  favorable  latitudes, 
it  may  be  retrieved  to  within  a  few  percent,  or  0.01  in  the 
red  and  0.05  in  the  NIR,  given  true  values  of  0.037  and  0.44, 
respectively.  At  less  favorable  latitudes  the  errors  are  up  to  0.02 
in  die  red  and  0.07  in  the  NIR,  or  45  and  16  percent.  There  is, 
however,  a  clear  bias  to  overestimating  the  white-sky  albedo. 
Improvements  of  this  aspect  of  the  models  used  are  necessary 
and  will  possibly  allow  improved  retrievals  in  the  future. 

One  should  also  keep  in  mind  that  these  results  completely 
depend  on  the  assumption  that  the  numerical  forward  model  pro¬ 
duces  BRDFs  that  resemble  those  found  in  nature  at  all  zenith 
angles.  Accuracies  of  the  actual  product  may  therefore  differ. 

REFERENCES 

[1  ]  Strahler,  A.  H.  et  al.,  “MODIS  BRDF/Albedo  product: 
Algorithm  Technical  Basis  Document”,  version  3.2  and 
update,  NASA  EOS  MODIS  Doc.,  65  pp.,  1995. 

[2  ]  Wanner,  W.,  X.  Li,  and  A.  H.  Strahler,  “On  the  derivation 
of  kernels  for  kernel-driven  models  of  bidir.  reflectance,” 
J.  Geophys.  Res.,  100,  pp.  21,077-21,090, 1995. 

[3  ]  Hu,  B.,  W.  Wanner,  X.  Li,  and  A.  H.  Strahler,  “Validation 
of  kernel-driven  semiempirical  BRDF  models  for  appli¬ 
cation  to  MODIS/MISR  data,”  this  conference. 

[4  ]  Whittaker,  E.,  G.  Robinson,  “The  Calculus  of  Observa¬ 
tions,”  Blachie  and  Son,  Glasgow,  397  pp.,  1960. 

[5  ]  Wanner,  W.,  R  Lewis,  and  J.-L.  Roujean,  “The  influence 
of  directional  sampling  on  bidirectional  reflectance  and 
albedo  retrieval  using  kernel-driven  models”,  this  conf. 

[6  ]  Myneni,  R.  B.,  Asrar,  G.,  and  F.  G.  Hall,  “A  3D  radiative 
transfer  method  for  optical  remote  sensing  of  vegetated 
land  surfaces,”  Rem.  Sens.  Env.,  41,  pp.  105-121, 1992. 


1406 


Latitude 


Black-sky  albedo,  Noise  RMSE=10% 


Solar  Zenith  Angle 


192 


-100  -50  0  50  100 

Latitude 


-100  -50  0  50  100 
Latitude 


Latitude  Latitude 


Figure  1;  Expected  noise  and  misfit  errors  for  16-day  MODIS/MISR  sampling.  The  noise  cases  assume  the  RossThick-LiSparse 
model  is  used,  the  misfit  analysis  uses  the  least-RMSE  model  found  in  inversion.  In  order;  black-sky  albedo  noise  error  at  mean 
sun  angle  of  observations;  black-sky  albedo  noise  error  for  day  of  year  0;  absolute  black-sky  albedo  misfit  error  for  day  of  year 
192,  red  band,  nadir  and  mean-sun  zenith  values;  same  for  the  near-infrared  band;  white-sky  albedo  noise  error,  white-sky  albedo 
misfit  absolute  error  for  day  192. 
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Abstract  -  The  error  in  bidirectional  reflectance  and  albedo  re¬ 
trievals  due  to  random  noise  in  the  observed  reflectances  is 
found  to  be  less  than  the  noise  RMSE  using  16-day  MODIS- 
MISR  angular  sampling. 

INTRODUCTION 

Global  space-based  retrievals  of  the  bidirectional  reflectance 
distribution  function  (BRDF)  and  albedo  over  land  will  be  pos¬ 
sible  in  the  near  future  using  the  Earth  Observing  System’s 
(EOS)  MODIS  and  MISR  sensors  or  the  POLDER  instrument. 
BRDF  information  is  useful  for  normalizing  satellite-acquired 
data  sets  and  for  deriving  key  surface  parameters,  mainly  atmo¬ 
spherically  corrected  albedo  for  use  in  climate  studies. 

Little  work,  however,  has  been  done  on  the  sensitivity  of 
BRDF  and  albedo  retrievals  to  angular  sampling  patterns  even 
though  the  impact  of  these  on  product  accuracy  is  possibly 
substantial.  With  any  instrument,  the  angular  distribution  of 
samples  obtainable  in  a  given  time  period  will  vary  with  ge¬ 
ographic  latitude  and  time  of  year,  and  be  also  determined  by 
instrument  and  orbit  characteristics.  Cloud  masking  will  further 
reduce  the  set  of  available  angular  reflectances.  In  this  paper 
we  evaluate  in  a  practical  case  the  impact  of  angular  sampling 
effects  on  BRDF  and  albedo  derivation. 

Two  effects  mainly  have  an  influence  on  retrieval  accuracy 
as  a  function  of  angular  sampling: 

(1)  Sensitivity  to  random  noise.  Analysis  is  carried  out  un¬ 
der  the  assumption  that  the  RMSE  found  in  inverting  a  model 
against  observations  is  due  to  random  “noise-like”  errors  in  the 
observed  reflectances,  due  for  example  to  fluctuations  in  surface 
properties,  misregistration,  atmospheric  correction  errors  etc. 

(2)  Misfit  sensitivity.  Analysis  is  carried  out  under  the  assump¬ 
tion  that  the  RMSE  found  in  inversion  is  due  to  an  inherent 
partial  inability  of  the  model  used  to  fit  the  observations  even 
in  the  absence  of  “noise”.  Investigating  this  effect  is  important 
in  view  of  the  many  assumptions  that  are  commonly  made  in 
operationally  feasible  BRDF  models. 

In  this  paper,  we  focus  on  the  noise  sensitivity  analysis 
alone,  although  the  misfit  analysis  is  of  equal  importance  (se¬ 
lected  results  are  presented  in  the  paper  Wanner  et  al.  [1]  at  this 
conference).  We  study  the  behavior  of  semiempirical  BRDF 
models  under  conditions  of  sampling  by  MODIS  and  MISR, 
and  how  the  semiempirical  Rahman  model  [2]  behaves  under 
the  same  circumstances. 

Partially  funded  by  NASA  under  the  MODIS  project.  NAS5-31369. 


THE  EXPERIMENT 

We  here  investigate  sampling  effects  with  respect  to  the  MODIS 
BRDF/albedo  product,  using  the  sampling  patterns  and  BRDF 
models  characterizing  it.  The  product  is  slated  for  production 
at  a  spatial  resolution  of  one  kilometer  once  every  16  days 
and  in  seven  spectral  bands  from  combined  MODIS-AM  and 
MISR  data  starting  in  1998.  The  MODIS-AM  sensor  is  an 
across-track  imager  with  a  swath  width  of 2330km,  and  a  repeat 
rate  shorter  than  2  days  (mostly  shorter  than  1  day).  MISR 
is  an  along-track  imager  with  a  swath  width  of  364km  using 
four  fore-,  four  aft-  and  one  nadir-pointing  camera.  The  two- 
look  repeat  rate  is  16  days.  In  this  time,  each  sensor  produces 
a  string  of  observations  across  the  viewing  hemisphere  with 
rather  constant  relative  azimuth  and  solar  zenith  angles.  The 
two  strings  from  the  two  instruments  are  nearly  orthogonal;  their 
respective  azimuthal  distance  from  the  principal  plane  varies 
with  latitude  and  time  of  year,  as  does  the  mean  solar  zenith  of 
the  observations  and  the  number  of  observations  from  MODIS. 

The  analysis  was  carried  out  for  the  BRDF  models  that  are 
scheduled  for  use  in  the  MODIS  BRDF/albedo  product:  the 
RossThick-LiSparse,  RossThin-LiSparse,  RossThin-LiDense, 
RossThick  and  LiDense  semiempirical  kernel-driven  BRDF 
models  [3].  These  are  capable  of  modelling  a  wide  variety 
of  volume  and  surface  scattering  behavior  and  which  will  be 
employed  depending  on  the  scattering  behavior  observed. 

NOISE  Sensitivity  of  kernel-driven  models 

The  behavior  of  kernel-driven  linear  models  under  the  condi¬ 
tions  of  limited  and  varying  angular  sampling  can  be  studied 
analytically  due  to  the  mathematical  form  of  these  models.  It 
is  given  by  the  the  so-called  “weights  of  determination”,  calcu¬ 
lated  using  theory  that  originates  with  Gauss  [4] .  Kernel-driven 
models  give  the  reflectance  R  in  form  of  a  sum,  ii  =  fiki, 
where  /<  are  the  model  parameters  and  fe,  are  mathematical 
functions  (“kernels”)  giving  basic  BRDF  shapes  depending  only 
on  sampling  geometry.  The  expected  error  in  a  term  u  given 
by  a  linear  combination  of  model  parameters,  u  =  Y^fiUi 
(e.g.,  R  itself  at  a  given  combination  of  angles,  or  integrals 
of  the  BRDF  such  as  directional  and  diffuse  albedo),  is  given 
by  €u  =  ej^/wZ,  where  e  is  the  estimate  of  standard  error 
in  the  observed  data  (approximated  by  the  RMSE  in  model 
fitting),  and  1  /wu  is  the  weight  of  determination  of  term  u 
under  the  sampling  considered.  This  weight  is  given  through 
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X/wu  =  \UY[M~‘^]\U],  where  is  a  vector  composed  of  the 
terms  Ui  and  M""  Ms  the  inverse  matrix  providing  the  analytical 
solution  to  the  problem  of  inverting  a  set  of  reflectances  Ri  for 
model  parameters  fi  minimizing  a  given  error  function.  Note 
that  this  analysis  is  independent  of  any  specific  BRDF  function. 

In  an  extensive  investigation,  we  have  studied  the  sensitiv¬ 
ity  to  random  noise  of  the  several  BRDF  models  listed  above 
using  sampling  for  a  variety  of  combinations  of  the  MODIS 
and  MISR  sensors,  and  for  different  periods  of  data  accumula¬ 
tion.  From  these,  we  here  report  selected  findings  on  16-day 
sampling  only  for  3  different  sensor  combinations.  Both  inter¬ 
polating  and  extrapolating  the  BRDF  were  tested  in  that  nadir 
reflectance  and  directional-hemispherical  (“black-sky”)  albedo 
were  derived  both  at  the  mean  sun  angle  of  the  observation 
and  for  nadir  sun.  Additionally,  bihemispherical  (“white-sky”) 
albedo  and  the  model  parameters  themselves  were  investigated. 

Table  1  summarizes  findings.  The  base  case  studied  was  16- 
day  sampling  for  combined  MODIS  and  MISR  data,  as  for  the 
MODIS  BRDF/albedo  product.  We  further  investigate  whether 
using  MODIS  data  alone  is  an  option,  and  whether  a  second 
MODIS  sensor  to  be  launched  on  the  EOS-PM-1  platform  is 
a  potential  substitute  for  MISR  in  view  of  the  three  additional 
bands  that  MODIS  has  over  MISR.  Table  1  lists  first  the  median 
weights  of  determination  found  for  sampling  throughout  the 
year  and  at  all  latitudes.  Given  are  the  values  found  for  the 
BRDF  model  with  the  smallest  and  with  the  largest  median 
weight.  Second,  it  gives  the  worst-case  range  of  values.  Range 
here  is  defined  as  the  central  two  thirds  of  values  occurring. 

Results  show  that  the  MODIS-AM/MISR  sensor  combina¬ 
tion  will  allow  retrieval  of  the  BRDF  with  an  accuracy  that  is 
smaller  than  the  RMSE  of  the  inversions  (weights  if  determi¬ 
nation  smaller  than  one).  Retrieval  of  nadir  reflectance  and 
black-sky  albedo  at  the  mean  prevailing  sun  zenith  angle  is 
yery  stable  and  more  reliable  than  deriving  these  quantities  for 
a  nadir  sun.  But  even  the  latter,  requiring  extrapolation  of  the 
BRDF  to  angles  where  typically  no  observations  were  made,  is 
possible  with  an  accuracy  of  less  than  the  value  of  the  RMSE. 
The  same  is  true  for  the  white-sky  albedo.  The  expected  error 
of  the  model  parameters  themselves  is  larger  than  that  of  de¬ 
rived  quantities.  Naturally,  cloud  cover  will  increase  these  error 
estimates.  Assuming  that  the  angular  distribution  of  samples  is 
not  affected  by  loss  of  observations  due  to  clouds,  the  weights 
of  determination  can  be  shown  to  increase  as  1/VN,  where  N 
is  the  number  of  observations. 

Using  the  MODIS- AM  sensor  alone  yields  a  worse  product 
quality,  notably  for  nadir- view  nadir-sun  totally  angle  corrected 
reflectance,  and  nadir-sun  albedos.  This  emphasizes  the  impor¬ 
tance  of  combining  MISR  data  with  MODIS  data  for  a  sound 
retrieval.  The  MODIS-AM/MODIS-PM  sensor  combination 
will  allow  a  better  retrieval  than  when  using  MODIS- AM  alone, 
but  is  not  as  good  as  using  MODIS-AM/MISR.  This  suggests 
that  MISR  should  also  be  used  in  retrievals  after  the  launch  of 
MODIS-PM  in  the  four  bands  concerned. 

Fig.  1,  in  the  top  two  panels,  visualizes  the  dependence  of 
noise-induced  error  in  BRDF-interpolating  and  BRDF-extrap- 
olating  reflectances  and  albedos  on  latitude  and  time  of  the 
year  for  MODIS-AM/MISR  sampling  and  for  the  RossThick- 
LiSparse  model.  An  RMSE  of  10  percent  was  assumed  in 


converting  weights  of  determination  to  percentage  error  (note 
that  errors  scale  linearly  with  the  RMSE).  The  plots  illustrate 
nicely  that  interpolation  of  the  BRDF  can  be  conducted  with 
confidence,  but  that  the  error  of  extrapolation  also  is  less  than 
the  assumed  noise  RMSE. 

NOISE  Sensitivity  of  the  Rahman  Model 

The  RPV  BRDF  model  [2]  is  slated  for  use  in  the  MISR  BRDF/ 
albedo  product.  It  is  here  investigated  for  MODIS-AM/MISR 
16-day  sampling  for  comparison.  Since  it  is  a  nonlinear  model, 
noise  sensitivity  is  a  function  of  spectral  band  and  BRDF  ob¬ 
served,  and  studying  it  required  t^ous  numerical  evaluation. 
Using  four  field-observed  BRDF  types  and  five  levels  of  noise 
in  250  individual  random  realizations,  equivalent  weights  of 
determination  were  derived.  The  finding  is  that  with  respect 
to  reflectances  and  albedo  the  RPV  model  behaves  rather  sim¬ 
ilar  to  the  kernel-driven  models;  the  retrievals  are  of  compara¬ 
ble  reliability.  However,  at  least  two  of  the  model  parameters 
themselves  are  instable  (weights  of  determination  >  10)  due 
to  redundancy  of  the  respective  BRDF  component  functions  in 
the  angle  domains  sampled. 

Fig.  1  shows,  in  the  bottom  panels,  results  for  the  red  and 
the  near-infrared  band  for  one  day  of  the  year  using  a  field- 
measured  hardwood  BRDF  dataset  by  Kimes  et  al.  [5].  Note 
similarities  and  differences  with  the  RossThick-LiSparse  model 
shown  in  the  top  left  panel  for  the  same  day. 

Conclusions 

BRDF  and  albedo  Cv  n  be  retrieved  from  noisy  reflectance  data 
both  at  the  prevailing  mean  sun  angle  of  observations  and  at 
other  angles  to  within  a  fraction  of  the  noise  RMSE  under  con¬ 
ditions  of  angular  sampling  as  obtained  from  the  combined 
MODIS  and  MISR  sensors,  and  using  kernel-driven  BRDF 
models  or  the  RPV  model. 

In  judging  the  results  it  is  important  that  the  random  noise 
error  investigated  here  implies  little  about  a  second  type  of  er¬ 
ror,  the  misfit  error,  which  is  essential  in  determining  how  well 
a  given  model  extrapolates.  Only  after  judging  noise  sensitiv¬ 
ity  and  misfit  error  together,  and  considering  actual  sampling 
patterns,  can  general  conclusions  about  BRDF/albedo  retrieval 
accuracies  be  drawn. 
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'mble  1:  Median  Weights  of  Determination  (left)  and  Worst-Case  Ranges  of  Weights  of  Determination  (right). 
Left:  smallest  and  largest  median  error  of  models;  Right:  smallest  and  largest  worst  case  model  error. 
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Figure  1:  Noise  error  sensitivity  of  the  RossThick-LiSparse  semiempirical  BRDF  model  for  16-day  MODIS/MISR  sampling 
on  two  different  days  of  the  year  (top)  and  for  the  Rahman  model  (bottom)  for  the  red  (left)  and  NIR  (right)  band  on  Kimes 
hardwood  data;  Rnad(sz),  bsa(sz)  =  nadir-view  reflectance  and  black-sky  albedo  at  mean  sun  zenith;  Rnad(0),  bsa(O)  =  nadir-view 
reflectance  and  black-sky  albedo  at  nadir  sun;  wsa  =  white-sky  albedo. 
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Abstract  -  BRF’s  of  an  artificial  conifer  canopy  were 
observed  and  modelled  using  the  MODIS  BRDF/Albedo 
algorithm.  Derived  BRDF  functions  show  a  reasonable 
agreement  with  the  BRF  observed  in  the  illumination  plane. 
The  algorithm  shows  the  ability  to  provide  a  reasonable 
BRDF  for  illumination  conditions  not  used  in  the  function 
derivation,  which  are  based  entirely  on  in-plane  BRF  data. 

INTRODUCTION 

Multiband,  multiangular  measurements  of  the  reflectance 
of  artificial  conifer  stands  have  been  acquired  with  the 
Compact  Airborne  Spectrographic  Imager  (CASI)  using  a 
laboratory  canopy  modelling  facility  (CMF)  This  includes  a 
collimated  illumination  source  enabling  the  extraction  of 
reflectance  spectra  in  the  visible/NIR  wavelength  regions, 
and  13  cm  models  of  conifer  crowns  sprayed  with  a  cellulose 
material  that  mimics  the  spectral  response  of  needles  [1]. 
The  conifer  models  were  designed  to  be  similar  to  typical 
trees  found  at  the  BOREAS  Old  Jack  Pine  SSA  Tower  Flux 
Site.  Reflectance  was  measured  in  the  principal  illumination 
plane  at  view  zenith  angles  (VZA)  between  -60  to  60  degrees 
with  illumination  zenith  angles  (IZA)  set  to  16.5,  45  and 
69.5  degrees,  covering  an  area  that  would  scale  up  to  33m  x 
33m.  Canopy  coverage  was  varied  from  17  to  52%  and 
understorey  background)  reflectance  was  either  a  black  or  a 
white  (salt)  covered  surface. 

These  datasets  were  investigated  using  an  early  version  of 
the  MODIS  BRDF/Albedo  algorithm  developed  at  Boston 
Univ.  [2]  utilizing  and  testing  its  ability  to  accurately  model 
the  measured  BRF  of  an  artificial  canopy  and  to  produce  a 
BRDF  function  that  captures  the  observed  variations  of  BRF 
with  IZA.  This  algorithm  is  designed  to  test  several 
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combinations  of  kernels,  and  provide  the  best  fit  linear 
combination  of  these  kernels  to  observed  BRF  [3].  Kernels 
include  two  volume  scattering  derivations  based  on  the 
formulas  of  Ross  [4],  one  thick  and  one  thin  approximation, 
as  well  as  three  geometric  derivations,  two  derived  from  the 
modelling  approach  of  Li  and  Strahler  [6]  for  sparse  and 
dense  canopies,  and  one  based  on  the  random  placement 
model  of  Roujean  [5]. 

METHODOLOGY 

A  preliminary  version  (version  2.4)  of  the  MODIS 
BRDF/Albedo  algorithm  was  used  to  parameterize  the 
measured  BRF  in  two  ways.  First,  each  set  of  BRF  with  a 
specific  IZA  were  used  to  produce  the  corresponding  BRDF 
algorithm  function.  Second,  all  angular  measurements  were 
combined  to  derive  a  single  BRDF  function.  These  were  then 
compared  to  the  original  data  to  evaluate  their  ability  to 
reproduce  the  observed  BRF  for  various  IZAs.  The  derived 
cross-plane  BRF  and  complete  BRDF  surface  were  visually 
inspected.  The  two  extreme  cases  of  black  and  white 
backgroimd  and  canopy  cover  ranging  from  17  to  52% 
allowed  a  test  of  the  flexibility  of  the  algorithm  to  handle  a 
wide  variety  of  canopy  types. 

Black  velveteen  cloth  was  used  as  a  black  understorey, 
providing  a  near-isotropic  visible/NIR  reflectance  (between 
1-2%).  Common  table  salt  was  used  as  a  white  understorey 
providing  a  near-isotropic  reflectance  between  80-100%, 
mimicking  the  high  contrast  situation  of  a  snow  covered 
understorey  [1].  CMF  models  are  thus  referred  to  as,  B 
(black  understorey)  and  S  (salt/snow  understorey).  Tree 
placements  were  derived  from  random  placements  with  the 
caveat  that  no  two  trees  could  be  within  1  canopy  radius  of 
each  other  (the  edge  of  one  canopy  could  not  enclose  the 
trunk  of  a  neighboring  tree)  [1].  A  limited  set  of  CASI 
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observations  from  the  BOREAS  SSA  Old  Jack  Pine  site 
taken  during  the  February  campaign  were  also  investigated. 

CMF_B  MODEL  RESULTS 

One  common  feature  with  CMF  B  models  was  the 
similarity  of  the  sunlit  to  shaded  ground  area  reflectance. 
Here,  the  shadow  created  contrasts  used  by  geometric 
scattering  kernels  becomes  a  veiy  minor  -  if  not  insignificant 
-  part  of  the  BRF.  This  is  seen  in  the  results  provided  by  the 


In  Plane  BRF  :  CMF_B3 
(Black  Background)  (40«/o  Coverage)  (IZA=-69.5) 


_ View  Zenith  Angle  (VZA) _ 

-Red  (uni-IZA)  - NIR(uni-I2A)  . Red  (muHi-IZA) 

NIR(muUi-IZA)  A  Red(CMF)  ■  NIR(CMF) 


Figure  2:  multi-IZA  and  uni-IZA  (IZA=-16.5°) 
Derived  BRF  for  IZA=-69.5° 


algorithm.  As  shown  for  the  CMF_B3  example  (Fig.l),  the 
BRDF  fimetion  derived  from  the  multi-IZA  data  set  matches 
the  measurements  in  both  magnitude  and  shape  for  all 
IZA’s.  The  model  to  best  reproduce  the  observed  data  was 
based  on  the  Ross  Thin  kernel  with  isotropic  scattering  and 
no  geometric  scattering.  The  geometric  scattering  kernels  do 
begin  to  appear  if  the  BRDF  function  derivation  is  performed 
on  a  unique  IZA  data  set,  for  cases  of  small  IZA.  But  even 
here  it  remains  a  minor  influence.  This  can  be  expected  as 
more  of  the  understorey  surface  is  viewed  at  smaller  IZA, 
providing  the  low  contrast  shadows  a  higher  significance  in 
the  observed  BRF.  The  small  IZA  (IZA=-16.5°)  based 
derivations  still  reproduce  the  large  IZA  data  with  a  good 
degree  of  accuracy,  (Fig.2).  In  all  cases,  the  derived  off-plane 
BRF’s  are  symmetric  on  either  side  of  the  illumination 
plane,  and  keep  the  basic  “bowl”  shape  seen  with  the  in¬ 
plane  derivations. 

CMF_S  MODEL  RESULTS 

In  contrast  to  the  CMF  B  models,  the  white  understorey 
CMF  models  provide  high  contrast  shadowing  effects  on  the 
observed  reflectance,  which  become  more  significant  for 


In  Plane  BRF  :  CMF  S2 

(White  Background)  (30%  Coverage)  (IZA=  16.5) 
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smaller  tree  densities  and  smaller  illumination  zenith  angles. 
This  is  seen  in  the  derived  BRDF  function  for  all  models 
ranging  in  canopy  coverage  of  17  to  52%.  Shown  in  Fig. 3 
are  the  derived  BRDF  function  and  the  measured  CMF  BRFs 
for  the  30%  canopy  coverage  model,  where  the  BRDF 
derivation  is  based  on  the  multi-lZA  dataset.  The  derived 
BDRF  function  provides  a  reasonable  fit  to  the  magnitude 
and  shape  of  the  BRF  observed  for  all  three  IZAs.  A 
departure  between  the  derived  and  measured  BRF  exists  in 
the  algorithm’s  ability  to  reproduce  the  shape  of  the  BRDF  at 
smaller  IZA.  When  individual  IZA  datasets  are  used,  the 
derived  function  also  suffer  the  same  difficulty.  Comparisons 
to  other  canopy  BRF  observations  indicate  that  the  slope 
observed  in  the  measured  BRF  is  steeper  than  might  be 
normally  expected  for  a  natural  canopy,  and  thus  may  not  be 
well  suited  for  the  MODIS  BRDF/Albedo  algorithm.  The 
shape  of  the  curves  do  match  much  better  for  larger  IZA, 
where  volume  scattering  becomes  more  significant. 

The  hot-spot  region  is  not  observable  with  the  CMF.  Yet 
the  derived  uni-  and  multi-IZA  BRDF  functions  are  able  to 
place  the  hot-spot  in  the  proper  location  for  all  three  IZA 
datasets,  an  important  featiue  of  any  general  BRDF  function. 

SOUTH  OLD  JACK  PINE  RESULTS 

A  preliminary  subset  of  CASI  data  from  the  SSA  old  jack 
pine  site  has  been  calibrated  to  reflectance,  and  provides  an 
excellent  opportunity  to  test  the  ability  of  the  algorithm  to 
reproduce  field  observations  of  a  canopy  with  a  snow  covered 
understorey.  The  dataset  tested  is  small  -  only  6  BRF’s.  All 
points  have  approximately  the  same  IZA,  and  thus  Fig.4 
could  be  considered  as  a  first  order  in-plane  BRF  curve.  A 
BRDF  function  was  derived  and  from  this  function,  BRF’s 
were  determined  for  the  same  illumination/view  orientation 
as  the  observations.  As  seen,  the  function  reproduces  the 
observed  data  well,  especially  in  the  visible  bands,  even  with 
a  limited  number  of  data  points.  Fiuther  work  is  planned  as 
more  data  becomes  available. 

CONCLUSIONS 

All  measured  BRF's  of  the  various  artificial  canopies  were 
reproduced  by  the  algorithm,  with  small  RMSE.  The  models 
are  capable  of  finding  the  right  magnitude  and  general  shape 
of  the  BRDF,  but  in  some  cases  the  CMF  observed  values  fall 
off  much  steeper  in  the  backscattering  direction  than 
predicted  by  the  algorithm.  When  the  derived  functions  were 
used  to  produce  a  full  BRDF  surface,  each  surface  showed 
expected  shapes,  even  though  only  illumination  plane  BRF 
data  was  used  in  the  derivation.  These  functions  were  also 
able  to  match  the  changes  in  the  curvature  of  the  observed 
reflectance  as  a  function  of  IZA,  including  IZA’s  not  used  in 
the  function  derivation. 


FFC-W  SSA-OJP  Observed  and  Derived  BRF 
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Figure  4:  Measured  and  multi-IZA  Derived  BRF 
for  FFC-W  at  SSA-Old  Jack  Pine  Site 

Comparisons  of  black  to  white  understorey  canopy  datasets 
show  a  change  in  kernel  weighting,  with  the  shadow  driven 
geometric  kernels  becoming  less  relevant  with  a  black 
background  (when  the  cast  shadows  do  not  become  easily 
visible)  or  with  increasing  IZA.  The  hot-spot  feature 
(significant  in  the  geometric  kernels)  is  well  positioned  in 
the  derived  BRDF,  even  when  no  observations  of  the  hot¬ 
spot  region  are  provided  in  the  derivation. 

Derived  BRDF  functions  with  relatively  large  geometric 
kernel  parameters  do  appear  to  have  some  difficulty 
reproducing  the  measured  CMF  BRF.  This  difficulty  has  not 
been  observed  in  other  canopy  derived  BRDF  investigations 

[2],  however,  none  of  these  datasets  included  a  white  (snow) 
understorey.  BRF  measurements  of  a  natural  canopy  with  a 
snow  covered  understorey  are  well  modelled  in  the  small 
CASI  SSA-OJP  dataset,  but  does  not  include  the  hot-spot 
region.  Additional  analysis  of  larger  datasets  from  natural 
canopies  are  planned  to  investigate  this  further. 
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INTRODUCTION 

Earth  radiation  budget  studies  have  been  instru¬ 
mental  in  enhancing  our  understanding  of  climate  pro¬ 
cesses.  The  radiation  field  emerging  from  a  point  at  the 
top  of  the  Earth's  atmosphere  (TOA)  is  the  quantity  of 
primary  interest  and  can  be  derived  from  satellite-mea¬ 
sured  radiances  by  applying  appropriate  bidirectional 
reflectance  functions  (BDRFs).  BDRFs,  which  account  for 
the  anisotropy  of  the  reflected  radiation  field  [1]  are  de¬ 
pendent  upon  the  viewing  geometry  (i.e.  directions  of 
the  incoming  and  outgoing  rays),  the  underlying  geo¬ 
graphical  type  (ocean,  land,  snow,  desert,  land-ocean 
mix),  the  overhead  cloud  cover  (clear,  partly  cloudy, 
mostly  cloudy,  overcast),  and  conditions  of  the  interven¬ 
ing  atmosphere. 

A  set  of  BDRFs  was  developed  by  Suttles  et  al. 
[2]  from  radiance  measurements  collected  from  NIMBUS 
7  Earth  Radiation  Budget  (ERB)  [3]  and  the  Geostation¬ 
ary  Operational  Environmental  Satellite  (GOES)  instru¬ 
ments  and  was  used  to  process  Earth  Radiation  Budget 
Experiment  (ERBE)  data.  These  mean  models  for  the 
ERBE  scene  types  were  tabulated  for  discrete  bins  of  so¬ 
lar  zenith  angle,  viewing  zenith  angle,  and  relative  azi¬ 
muth  angle.  Due  to  the  constraints  of  the  sun- 
synchronous  orbit  of  the  NIMBUS  7,  angular  bin  cover¬ 
age  was  limited.  Future  radiation  budget-monitoring 
missions,  such  as  the  Clouds  and  Earth's  Radiant  Energy 
System  (CERES)  instrument  [4]  will  require  BDRFs  that 
satisfy  reciprocity  (i.e.  interchanging  the  incident  and  re¬ 
flected  angles  yield  the  same  flux  contribution)  and  are 
continuous  over  angular  grid  boxes.  Moreover,  correctly 
modelled  BDRFs  must  convert  radiances  measured  from 
different  viewing  angles  for  the  same  area  to  the  same 
flux.  Unfortunately,  the  set  of  BDRFs  used  by  ERBE  re¬ 
sulted  in  shortwave  fluxes  which  increased  from  nadir  to 
limb. 

The  present  paper  uses  an  analytic  expression 
for  the  BDRF  formed  by  applying  a  fit  to  the  tabulations 
of  Suttles  et  al.  [2].  The  form  of  this  expression,  based  on 
theoretical  considerations,  consists  of  model  parameters 
that  correspond  to  physical  processes  in  the  surface  and 
atmosphere  [5,6].  The  effectiveness  of  these  models  in  ac¬ 
counting  for  anisotropy  at  any  given  viewing  direction  is 
examined  with  data  obtained  when  the  scanning  radi¬ 


ometer  was  operated  in  alongtrack  mode.  Operation  in 
this  mode  allows  for  an  area  along  the  groundtrack  to  be 
viewed  over  the  full  range  of  view  zenith  angles.  The 
clear  ocean  BDRF  is  tuned  with  Dlhopolsky's  BDRF  [7] 
which  generally  produces  less  albedo  growth  than  does 
the  Suttles  et  al.  clear  ocean  model.  BDRFs  are  presented 
for  the  following  ERBE  scene  types:  clear  ocean,  clear 
land,  clear  desert,  partly  cloudy  (PC)  over  land  and 
mostly  cloudy  (MC)  over  ocean  scenes. 

METHODOLOGY 


The  reflected  flux  M  at  the  TOA  is  given  by 

M  =  .Sfl  (g)  cosg  (1) 

where  S  is  the  solar  flux  at  TOA,  a((;)  is  the  TOA  albedo, 
and  g  is  the  angle  of  incidence.  The  reflected  radiance  L 
is  a  function  of  viewing  geometry  (Fig.  1).  The  anisot¬ 
ropy  of  the  radiation  field  is  accounted  for  by  the  BDRF 
R  which  relates  M  and  L  by 

^(0,(!),g)  =  7iL(0,^,O/M  (2) 

The  quantity  r(0,(t),g)  =  R(0,(t),g)  a(g)  is  defined  as  the  bidi¬ 
rectional  reflectance.  The  analytic  expressions  are  formu¬ 
lated  in  terms  of  reflectance.  The  form  of  these  models 
comply  with  reciprocity. 

The  bidirectional  reflectance  for  clear  and  partly 
cloudy  over  ocean  scenes  is  expressed  in  the  following 
empirical  form 


r(0,(!),  g)  =  Cj  + 


C2  ( 1  +  cos^y) 


H - 7-^ 

(««o) 

V 


-  cosaj^ 


(3) 


where  u  =  cos0  ,  Uq  =  cosg  ,  y  is  the  scattering  angle,  i.e. 
the  angle  through  which  the  ray  is  turned  as  it  is  reflect¬ 
ed,  and  a  is  the  angle  from  the  line  of  specular  reflection. 
These  angles  are  defined  by  cosy  =  w^cos^ -uuq  and 


cosa  =  vVf,cos())  +  wMfl  /  where  v  =  sm0  and  Vq  —  sing.  The 
second  and  last  terms  on  the  right  hand-side  account  for 
the  Rayleigh  scattering  from  the  atmosphere  and  the 
specular  reflection  from  the  ocean  surface,  respectively. 
The  first  term  accounts  for  other  diffuse  scattering  pro¬ 
cesses.  Integrating  (3)  over  the  upwelling  hemisphere 
yields  the  albedo  [5].  The  model  coefficients  are  tabulat¬ 
ed  on  Table  1. 

Following  Staylor's  parameterization  of  clear 
desert  BDRF  [8],  an  azimuthal  model  for  land,  snow. 
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desert,  mostly  cloudy  over  ocean  and  overcast  scenes  is 
developed  in  the  following  form. 

,2 

(4) 


^  (model)  = 


1  +  AT  (G  +  cosy)  ‘ 


1  + 


K  G^-2Guu^+ (uuj^  +  ^(vvj^^ 


where  G  and  K  are  determined  by  matching  Suttles  et  al. 
tabulations.  The  model  reflectance  is  computed  as 


r  (model)  =  (or  ,f„y  + 'P^^(model)^  (5) 

where  =  A  +  Bx^,  (O  accounts  for  the  change  in  the 
amount  of  Rayleigh  scattering  over  a  cloudy  scene,  and 
r^ay  is  the  second  term  in  (3).  A  and  B  are  regression  co¬ 
efficients  and  *  =  (uuo)/(u+Uo).  The  corresponding  model 
albedo  is  given  in  [6].  The  model  coefficients  are  listed 
on  Table  2.  Dividing  the  model  reflectance  by  the  model 
albedo  yields  the  scene  BDRF. 


Table  1:  Model  Coefficients  for  Clear  and  PC  Ocean 


Scene  Type 

Cl 

C2 

C3 

C4 

C5 

D 

Clear  Ocean  ‘ 

0.010 

0.023 

0.800 

0.006 

1.060 

0.011 

Clear  Ocean  ^ 

0.005 

0.027 

0.900 

0.008 

1.100 

0.016 

PC  /  Ocean 

0.030 

0.047 

0.577 

0.008 

1.157 

0.016 

2%  for  all  cases  while  at  0=70°,  the  errors  are  in  the  order 
of  34%  for  ERBE,  21%  for  the  analytic  model,  and  17%  for 
Dlhopolsky  in  the  backscatter  region  while  in  the  for¬ 
ward  scatter  direction,  these  errors  are  in  the  order  of 
35%  for  both  the  ERBE  and  analytic  models  and  31%  for 
Dlhopolsky. 

Comparisons  of  the  analytic  and  ERBE  opera¬ 
tional  BDRFs  are  illustrated  for  selected  scene  types  for  a 
particular  solar  zenith  angle  range.  The  radial  coordinate 
corresponds  to  view  zenith  angle,  0,  and  <{»  varies  from  0° 
(forward  scatter)  to  180'  (backscatter)  in  the  angular  co¬ 
ordinate.  Clear  land  BDRFs  in  the  60°<(;<66°  range,  de¬ 
picted  on  Fig.  3,  are  similar  for  both  models  and  show 
that  land  is  primarily  a  backward  reflector.  Both  show 
near-isotropic  characteristics  for  0<3O'  and  (])  near  90 
which  may  be  attributed  to  less  intervening  atmosphere 
where  scattering  is  not  significant.  BDRFs  for  clear  desert 
(Fig.  4)  for  46'  <  (;  <  53'are  nearly  isotropic  in  the  forward 
scatter  region  for  both  models  and  like  land,  are  more 
back-reflecting  in  this  angular  range.  ERBE  BDRF  is 
slightly  more  limb-brightened  than  the  analytic  BDRF. 
Fig.  5  shows  that  the  BDRF  for  partly  cloudy  over  land 
(53 '  <  (;  <  60 ')  is  limb-brightened  in  both  the  forward  and 
backward  scatter  directions.  The  BDRF  for  mostly 
cloudy  over  ocean  in  the  same  zenith  angle  range  is  sig¬ 
nificantly  limb-brightened  in  the  forward  direc- 
tion(Fig.6). 


’  ERBE-tuned  ^  Alongtrack-tuned  (Dlhopolsky) 


CONCLUSION 


Table  2:  Model  Coefficients  for  Land,  Snow,  Desert,  MC  / 
Ocean  and  Overcast  Scenes 


Scene  Type 

A 

B 

G 

K 

(0 

Clear  Land 

0.002 

0.384 

0.138 

0.650 

1.000 

Clear  Snow 

0.011 

2.517 

0.675 

0.188 

1.000 

Clear  Desert 

-0.003 

0.784 

0.025 

0.412 

1.000 

PC /Land 

0,009 

0.643 

0.350 

0.875 

0.917 

MC/  Ocean 

0.024 

0.812 

0.525 

0.988 

0.758 

MC/Land 

0.030 

1.019 

0.643 

0.988 

0.758 

Overcast 

0.018  ' 

1.537 

0.550 

0.625 

0.668 

RESULTS 


A  simple  analytic  formulation  of  BDRF  to  model 
the  anisotropy  of  reflected  radiation  for  ERBE  scene 
types  was  presented.  The  model  coefficients  were  de¬ 
rived  by  applying  a  fit  to  the  Suttles  et  al.  BDRF  tabula¬ 
tions  which  were  used  to  process  ERBE  data.  For  each 
scene  type,  a  single  set  of  model  parameters  is  required 
for  application  to  any  combination  of  viewing  geome¬ 
tries.  This  analytic  form  satisfies  reciprocity  and  is  con¬ 
tinuous  from  one  angular  bin  to  another.  The  analytic 
BDRF  is  validated  with  ERBE  observations  and  have 
shown  good  agreement.  Results  of  this  study  will  be 
used  for  mission-planning  and  data  interpretation  of 
next-generation  earth  radiation  budget  missions. 
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ANALYTIC  ERBE 


Fig.  4  Bidirectional  Reflectance  Function 
for  Clear  Desert  (46'’<(;<53°) 


ANALYTIC  ERBE 


Fig.  5  Bidirectional  Reflectance  Function 
for  Partly  Cloudy  /  Land  (53’<(;<60’) 


ANALYTIC  ERBE 


ANALYTIC  ERBE 


Fig.  3  Bidirectional  Reflectance  Function 
for  Clear  Land  (60”<(;<66*) 
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Fig.  6  Bidirectional  Reflectance  Function 
for  Mostly  Cloudy  /  Ocean  (53'<(;<60*) 
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Abstract  -  Advanced  Solids tate  Array  Spectroradiometer 
(ASAS)  hyperspectral,  multiangle  data  were  obtained  over 
BOREAS  sites  in  Saskatchewan  and  Manitoba,  Canada  during 
four  field  campaigns  in  1994.  Flown  aboard  the  NASA  C- 
130B  at  an  altitude  of  approximately  5000  m  above  ground 
level,  ASAS  acquired  off-nadir  data  from  70  degrees  forward  to 
55  degrees  aft  along-track,  in  62  contiguous  spectral  bands 
ranging  from  400-1025  nm.  These  measurements  were 
collected  to  develop  linkages  between  optical  remote  sensing 
data  and  biophysical  parameters  at  the  canopy  level,  and  to 
provide  an  intermediate  level  in  the  process  of  scaling  local 
ground  conditions  to  satellite  observations.  ASAS  at-sensor 
radiances  over  various  canopies  were  atmospherically  corrected 
using  the  Second  Simulation  of  the  Satellite  Signal  in  the 
Solar  Spectrum  (6S)  and  at-surface  reflectance  factors  were 
derived.  Using  the  multiangle  spectral  reflectance  factors, 
spectral  hemispherical  reflectance  (PAR,  red,  and  nir)  was 
estimated,  and  spectral  vegetation  indices,  including 
hemispherical  measures,  were  calculated.  The  values  of  the 
SVIs  varied  widely  depending  on  the  particular  angular  inputs 
to  the  calculation. 

INTRODUCTION 

As  part  of  the  Boreal  Ecosystem  Atmosphere  Study 
(BOREAS)  international  field  experiment,  the  Advanced 
Solidstate  Array  Spectroradiometer  (ASAS)  obtained 
hyperspectral,  multiangle  digital  image  data  over  boreal  forest 
canopies  in  Saskatchewan  and  Manitoba,  Canada  during  four 
field  campaigns  in  1994.  BOREAS  is  a  large-scale 
international  investigation  focused  on  understanding  the 
exchanges  of  radiative  energy,  sensible  heat,  water,  carbon 
dioxide,  and  trace  gases  between  the  boreal  forest  and  the 
lower  atmosphere  [1].  One  of  the  BOREAS  objectives  is  to 
develop  methods  for  applying  process  models  over  large 
spatial  areas  using  remote  sensing  and  other  integrative 
modeling  techniques.  The  ASAS  measurements  can  be  used 
to  establish  linkages  between  optical  remote  sensing  data  and 
biophysical  parameters  at  the  canopy  level,  and  to  provide  an 
intermediate  level  in  the  process  of  scaling  local  ground 
conditions  to  satellite  observations. 

SENSOR  DESCRIPTION 

ASAS  is  an  airborne  imaging  spectroradiometer  modified 
to  point  off-nadir  by  NASA/GSFC  for  the  purpose  of 


remotely  observing  directional  anisotropy  of  solar  radiance 
reflected  from  terrestrial  surfaces.  The  sensor  is  capable  of 
along-track  off-nadir  tilting,  and  acquired  data  at  70®,  60°,  45°, 
26°  forward  of  nadir,  nadir,  and  26°,  45°,  and  55°  aft  of  nadir 
over  the  BOREAS  sites.  For  these  data,  the  effective 
dimensions  of  the  ASAS  CCD  silicon  detector  array  are  512 
spatial  elements  by  62  spectral  elements.  Spectral  band 
centers  range  from  404-1025  nm  and  are  spaced  approximately 
10  nm  apart,  with  a  full-width-half-maximum  of  about  11 
nm.  The  array  generates  digital  image  lines  in  a  pushbroom 
mode  as  the  aircraft  flies  forward.  For  the  datasets  included  in 
this  study  which  were  acquired  at  an  altitude  between  5000- 
6000  m  above  ground  level  and  at  an  aircraft  speed  of  230 
knots,  the  across-track  ground  p'xel  size  is  about  3  m  at  nadir 
and  7  m  at  60  degrees  off-nadir.  The  along-track  pixel  size 
(consistent  for  all  view  angles)  is  roughly  3  m. 

SITES 

BOREAS  study  areas  are  located  in  Saskatchewan  north  of 
Prince  Albert  (Southern  Study  Area  or  SSA)  and  west  of 
Thompson,  Manitoba  (Northern  Study  Area  or  NSA). 
Reference  [1]  gives  some  detailed  location  maps.  The  data 
presented  in  this  paper  were  collected  on  July  21,  1994  over 
three  different  SSA  Tower  Flux  sites.  Flux  measurement 
towers  and  scaffold  towers  at  these  sites  are  located  near  the 
center  of  a  1  km^  area  of  relatively  homogeneous  vegetation 
cover.  The  three  canopy  covers  examined  here  are  Old  Black 
Spruce,  Old  Jack  Pine  and  Old  Aspen.  Separate  ASAS 
datasets  over  these  targets  were  collected  in,  perpendicular  to, 
and  oblique  to,  the  solar  principal  plane  (spp)  at  solar  zenith 
angles  (sza)  ranging  from  34-37°. 

METHODS 

An  interactive  display  system  was  used  to  subset  image 
pixels  for  analysis.  Areas  of  homogeneous  canopy  adjacent 
to  the  scaffold  tower  and/or  under  the  PARABOLA  tramway 
were  selected.  Since  the  datasets  included  in  this  study  were 
not  geo-rectified,  care  was  taken  to  encompass  the  same 
subareas  from  each  of  the  multiple  view  angles.  Ground  size 
of  the  subset  areas  ranged  from  hundreds  of  square  meters  up 
to  several  thousand  square  meters.  The  mean  and  standard 
deviation  of  radiances  in  W  m-2  srl  |im-l  for  62  spectral 
channels  were  calculated  from  the  subsets  in  each  view  angle. 
To  derive  at-surface  spectral  reflectance  factors,  6S  (Second 
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Simulation  of  the  Satellite  Signal  in  the  Solar  Spectrum)  [2] 
was  applied  to  the  spectral  at-sensor  radiances.  The  US62 
standard  atmospheric  model  and  a  continental  aerosol  model 
were  selected  to  characterize  the  atmosphere  above  the 
BOREAS  sites.  In  addition,  a  total  aerosol  optical  depth  for 
the  atmospheric  column  (at  550  nm)  was  supplied  for  each 
dataset.  Optical  depth  measurements  were  obtained  from 
BORIS  (BOReas  Information  System). 

From  this  point,  multiangle  spectral  bidirectional 
reflectance  factors  (BRFs)  can  be  input  directly  into  models 
for  estimating  hemispherical  reflectance,  or  into  calculations 
of  Spectral  Vegetation  Indices  (SVIs).  However,  an  additional 
step  is  necessary  if  BRF  values  for  bandwidths  other  than  (for 
example,  broader  than)  the  ASAS  channels  are  desired  for 
analysis.  For  this,  a  numerical  trapezoidal  integration  method 
is  used,  which  essentially  computes  an  average  of  the 
reflectance  factors  from  the  included  ASAS  bands  (determined 
by  specifying  a  min  and  max  wavelength),  weighted  by  each 
band’s  downwelling  solar  flux  (generated  by  6S).  For  these 
analyses,  reflectance  factors  for  photosynthetically  active 
radiation,  or  PAR  (400-700nm),  red  (630-690nm)  and  near- 
infrared  (760-900nm)  were  simulated. 

To  estimate  hemispherical  reflectance  (Rh)  from  a  set  of 
discrete  BRFs,  this  analysis  used  the  equation  developed  by 
Walthall  et  al.  [3]  which  describes  reflectance  as  a  function  of 
view  zenith,  view  azimuth,  and  solar  azimuth  angles: 

R  (0,  (|))  =  a9^  -  b0cos(!)  +  c  (1) 

where  R  (0,  (j))  is  the  percent  reflectance  factor,  0  is  the  view 
zenith  angle,  and  (|)  is  the  view  azimuth  angle  relative  to  the 
solar  principal  plane.  The  coefficients  a,  b,  and  c  are 
empirically  derived  by  fitting  (1)  to  the  distribution  of  ASAS 
BRFs  using  multiple  linear  regression.  Integrating  (1)  over 
the  27r  sr  solid  angle  provides  an  analytical  expression  for 
hemispherical  reflectance:  Rh  =  (2.305  ?J%)  +  c  (2) 

Using  equation  (2),  Rh  for  PAR,  red  and  nir  spectral  regions 
was  estimated  using  view  angles  from  various  combinations 
of  flightlines  (data  collected  in  planes  parallel,  perpendicular, 
and  oblique  to  the  spp). 

Spectral  vegetation  indices  (Simple  Ratio  and  NDVI)  were 
calculated  using  backscatter,  nadir,  and  Rh  estimations  of  red 
and  nir.  The  Simple  Ratio  (SR)  is  the  nir  value  divided  by 
the  red  value,  while  the  Normalized  Difference  Vegetation 
Index  (NDVI)  is  the  (nir  value  -  red  value)/(nir  value  +  red 
value).  All  methods  described  above  are  given  in  greater 
detail  in  [4]. 

RESULTS  AND  DISCUSSION 

At-surface  reflectance  factors  observed  in  the  solar  principal 
plane  for  the  Old  Black  Spruce,  Old  Aspen,  and  Old  Jack  Pine 
canopies  are  shown  in  Figures  1,  2,  and  3  respectively.  Note 
for  all  3  canopies  the  extremely  low  reflectance  in  the  visible, 
especially  in  the  forward  scatter  direction,  and  the  much 
greater  nir  reflectance  which  is  highest  for  the  Old  Aspen  site. 
The  low  visible  ASAS  values  are  not  surprising  given  a 
decreasing  signal  response  below  490  nm  and  such  dark 
targets  in  the  visible.  Additionally,  at  the  low  end  of  the 


Figure  1.  RFs  (z-axis)  for  Old  Black  Spruce  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 


Figure  2.  RFs  (z-axis)  for  Old  Aspen  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 


Figure  3.  RFs  (z-axis)  for  Old  Jack  Pine  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 
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visible  6S  calculates  path  radiances  greater  than  the  radiances 
received  at  the  sensor,  and  consequently  the  at-surface 
radiances  in  the  visible  become  negative.  When  this  occurs, 
the  RFs  are  set  to  zero  for  plotting  purposes.  For  all 
canopies,  RFs  increase  in  the  backscatter  direction,  with  the 
greatest  RFs  usually  marking  the  anti-solar  (hotspot) 
position.  For  the  OBS  and  OA  data  (sza  of  34°  and  35° 
respectively)  the  hotspot  was  captured  at  45°  backscatter, 
about  1 1°  off  the  sza,  while  the  OJP  data  recorded  the  hotspot 
at  26°  backscatter,  about  9°  off  the  sza. 

Hemispherical  reflectances  (Rh)  estimated  using  [3]  are 
shown  in  Table  1  for  OBS  and  OA.  For  PAR  estimations, 
the  extremely  low  values  for  ASAS  channels  below  529  nm 
were  arbitrarily  set  to  the  response  at  529  nm,  based  on 
cursory  examination  of  some  ground  based  observations. 
PAR  and  red  Rh  are  greater  for  the  Old  Black  Spruce  canopy, 
while  the  Old  Aspen  canopy  has  a  nir  Rh  roughly  double  that 
of  the  spruce.  Time-coincident  PAR  measurements  on  the 
ground  at  OA  yielded  a  value  for  Rh(par)  of  2.8-2.9%. 

Table  1.  Rh  estimations  (in  %)  using  view  zenith  angles 
from  different  combinations  of  flightlines  oriented  parallel, 
perpendicular,  and/or  oblique  to  the  solar  principal  plane. 


Flightline 

Rh(par) 

Orientation 

.4-.7um 

OBS; 

Parallel 

3.2 

Pa  +  Obi 

2.7 

Oblique 

2.1 

Pa+Perp+Obl 

2.4 

Pa+Perp 

2.5 

Perp+Obl 

1.9 

Perpendicular 

1.7 

OA: 

Parallel 

2.3 

Pa  +  Obi 

2.2 

Oblique 

2.1 

Pa+Perp+Obl 

2.0 

Pa+Perp 

1.9 

Perp+Obl 

1.9 

Perpendicular 

1.7 

Rh(red)  Rh(nir) 
■6:t-.69fim  .76-.9|rtn 


2.8 

16.9 

2.3 

15.7 

1.8 

14.5 

2.0 

14.8 

2.1 

14.9 

1.6 

13.8 

1.4 

13.1 

1.8 

36.3 

1.7 

33.2 

1.7 

31.6 

1.6 

32.3 

1.5 

33.1 

1.5 

31.0 

1.3 

30.1 

Values  of  NDVI  for  the  OA  and  OBS  canopies  are  plotted 
against  Leaf  Area  Index  (LAI)  and  the  daily  green  fraction  of 
absorbed  PAR  (fPAR)  in  Fig.  4  and  5  respectively.  NDVI 
values  derived  from  the  various  directional  reflectances  plot 
closely  together  for  the  OA  stand  but  show  a  wide  variability 
for  the  OBS  stand.  In  Fig.  5,  though  the  fPAR  of  the  two 
stands  is  virtually  the  same,  NDVI  values  range  from  about 
0.65-0.92.  Within  clusters,  backscatter  relectances  produce 
lower  NDVIs  than  nadir  and  hemispherical  reflectances. 
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ABSTRACT 

Leaf  area  index  (LAI)  is  one  of  the  most  important 
physical  parameters  in  controlling  hydrological  processes 
across  the  geosphere-biosphere-atmosphere  boimdaries. 
Estimation  of  this  parameter  using  remote  sensing 
techniques  has  been  associated  wilh  computation  of 
vegetation  indices  (Vis).  The  inversion  of  bidirectional 
reflectance  distribution  function  modeling  approaches 
£q)pear  to  be  promising,  but  require  simultaneous 
bidirectional  observations.  Attempts  have  been  made  to 
substitute  multitemporal  observations  for  simultaneous 
multidirectional  measurements.  This  approach  works  well  if 
the  surface  of  interest  consists  of  slow-growing  vegetation. 
When  applied  to  fast-growing  vegetative  surfaces, 
multitemporal  observations  cannot  be  used  in  BRDF  model 
inversion  because  of  changes  in  vegetation  amount.  In  this 
study,  a  growth  compensation  model  is  proposed  with  the 
use  of  Vis,  which  is  applied  to  multitemporal  observations 
over  a  fast-growing  alfalfa  canopy.  The  compensated  data 
are  then  used  in  the  inversion  of  BRDF  models  to  estimate 
LAI.  The  results  showed  that  this  approach  is  promising  and 
there  exists  a  potential  for  operational  applications. 

INTRODUCTION 

Remote  sensing  has  been  used  as  a  tool  to  infer  properties 
of  surface  vegetation.  In  the  past,  the  amount  of  vegetation, 
its  spatial  distribution,  and  its  optical  properties,  have  been 
associated  with  indices  computed  from  remotely  sensed 
data.  This  approach  is  simple,  but  case-sensitive. 
Relationships  developed  for  one  type  of  vegetation,  or  at 
different  geographic  location,  are  difficult  to  extrapolate  to 
another  type  of  vegetation  or  geographic  locations. 

With  advances  in  space  technology,  more  remote  sensing 
platforms  are  to  be  launched  with  remote  sensors  capable  of 
sensing  the  surface  at  multiple  angles.  These  off-nadir 
measurements  provide  a  more  objective  view  of  the  ground 
surfaces  and  can,  therefore,  be  used  to  infer  vegetation 
properties  in  a  more  quantitative  manner.  Recent  advances 
in  bidirectional  reflectance  distribution  function  (BRDF) 
modeling  have  lead  to  quantitative  assessment  of  such 
vegetation  properties  as  percentage  cover  and  leaf  area 
index  via  model  inversion  procedures[l,2]. 

A  major  requirement  in  BRDF  inversion  is  simultaneous 
multidirectional  measurements.  Current  space-bome  sensing 
systems  do  not  have  such  capability,  although  the  scheduled 


launch  of  advanced  sensing  systems  such  as  the  earfli 
observing  system  (EOS)  will  have  these  capabilities.  An 
alternative  is  to  use  multitemporal  observations  of  different 
view  angles,  such  as  the  daily  observations  acquired  by  the 
advanced  very  high  resolution  radiometer  (AVHRR). 

Applications  of  such  data  for  model  inversion  are  limited 
to  the  surfaces,  such  as  desert  areas,  where  vegetation  may 
change  little  within  a  month  period.  Remote  sensing 
measurements  within  this  time  frame  can  be  regarded  as 
multidirectional  measurements,  meeting  the  inversion 
requirement.  In  regions  such  as  agricultural  areas  where 
vegetation  changes  rapidly,  multitemporal  measurements 
may  not  be  suitable  for  BRDF  modeling  inversion,  because 
these  observations  are  actually  made  over  different  targets. 
To  be  able  to  use  multitemporal  observations  from  remote 
sensing  platforms  in  model  inversions  it  is  necessary  to  take 
into  accoimt  the  effects  due  to  changes  in  smface  targets. 
The  objective  of  this  study  is  to  develop  strategies  of 
incorporating  the  vegetation  growth  into  the  BRDF  model 
approaches  for  estimations  of  vegetation  physical  properties. 

AN  INTEGRATED  APPROACH 

To  interchangeably  use  multitemporal  and 
multidirectional  remote  sensing  measurements,  a  strategy  of 
using  sliding  window  and  vegetation  growth  compensation 
model  is  described  in  Fig.l. 


Fig.  1.  Graphic  presentation  of  an  integrated  approach  to 
estimates  of  physical  properties  with  BRDF  models. 
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The  multitemporal  measurements  are  first  subject  to  cloud 
screening  and  atmospheric  corrections  using  compositing 
techniques.  Variations  in  the  remaining  data  will  be  due 
either  to  the  bidirectional  properties  of  the  ground  surfaces 
and  /or  to  the  growth  of  the  vegetation  canopy. 

In  the  next,  a  sliding  window  will  be  selected,  for 
example,  from  day  1  to  day  N,  where  N  should  be  large 
enou^  such  that  the  moving  window  will  encompass 
statistically  enough  quality  pixels  (data  points)  to  be  used  in 
the  subsequent  BRDF  model  inversion  procedure.  Note  that 
the  remaining  N  pixels  should  represent  N  independent 
observations  of  the  same  target,  because  each  data  point 
(each  day’s  measurement)  will  be  collected  with  different 
sensor  geometric  configurations  due  to  the  mechanics  of  the 
satellite  sensing  system  and  orbiting  characteristics  of  the 
satellite.  Experience  from  analysis  of  data  obtained  with  the 
AVHRR  data  indicates  that  N  is  usually  between  10  and  30 
days.  Vegetation  during  this  N  day  period  may  have 
increased  (growth)  or  decreased  (harvesting,  deforestation, 
fire,  natural  senescence  etc.).  Growth  compensation  will  be 
checked  by  evaluating  the  spectral  vegetation  indices.  If  the 
vegetation  increase  is  large  enough  to  result  in  significant 
differences  in  observed  radiometric  signals,  a  growth 
compensation  will  be  performed.  If  not,  the  data  will  be 
passed  on  to  the  next  step  for  model  inversion. 

VEGETATION  GROWTH  COMPENSATIONS 

We  propose  two  techniques  to  overcome  the  inversion 
problems  due  to  vegetation  growth.  The  first  technique  is  to 
develop  a  compensation  model  to  offset  the  increases  or 
decreases  in  ra^ometric  measurements.  During  a  growing 
window  period  (N  days),  vegetation  may  change  (Fig.2). 


0.8 


2Cew«rtano*. 

Fig,2  An  illustration  of  vegetation  growth  compensation 
techniques. 


If  no  changes  in  vegetation  architecture  is  assumed,  the 
cause  of  increased  /decreased  radiometric  reflectances  will 
be  most  likely  due  to  changes  in  vegetation  density.  In  this 
case,  the  data  points  within  that  window  period  apparently 
can  not  be  used  for  BRDF  inversion  and  a  compensation 
model  is  needed.  The  compensation  can  be  determined  by 
examining  the  corresponding  spectral  vegetation  index 
(normalized  for  external  effects  such  as  soil  and  atmosphere) 
by  computing  the  statistical  trend  and  variations  for  each 
spectral  band.  Then,  an  offset  will  be  made  based  on  the 
value  of  the  computed  trends,  and  the  variation  is  assumed 
to  be  due  to  bidirectional  effects.  Once  compensated  for 
vegetation  growth,  the  data  will  be  passed  to  the  next  step 
for  a  model  inversion. 

The  second  technique  is  to  locate  a  window  period  (Fig. 
2)  where  vegetation  is  in  stable  stage.  Data  within  this 
window  period  are  used  in  model  inversion,  from  which 
model  parameters  are  obtained.  Some  of  these  parameters, 
such  as  leaf  optical  properties,  can  be  assumed  to  change 
little  with  seasons  and,  therefore,  can  be  used  as  known 
input  parameters  to  the  model  itself  for  subsequent  inversion 
procedures.  Example  parameters  in  the  SAIL  model  [3]  are 
the  soil  reflectances  and  leaf  optical  properties.  The 
remaining  variable  parameter  is  leaf  area  index  (LAI). 

RESULTS 

A  total  of  two  data  sets  was  used  to  demonstrate  the 
application  of  the  proposed  approach.  In  the  first  case, 
ground-based  data  were  used  while  in  the  second  case, 
satellite  observations  were  used  in  inverting  the  SAIL  model 
to  estimate  LAI  values. 

Case  Study  1 

The  first  data  set  was  collected  over  a  growing  alfalfa 
canopy  at  the  University  of  Arizona  Campus  Agricultural 
Center,  Tucson,  Arizona,  from  September  1  to  18  ,  1995. 
The  multitemporal  bidirectional  measurements  were  made 
each  day  at  the  time  when  the  scheduled  VEGETATION 
sensor  on  SPOT  4  satellite  will  pass  over.  The  geometric 
configuration  of  the  radiometer  used  was  set  to  be  the  same 
as  the  VEGETATION  sensor  daily  viewing  angles  at  the 
target,  and  the  spectral  bands  are  identical  to  the  SPOT  high 
resolution  visible  (HRV)  sensors.  This  data  allowed  us  to 
investigate  whether  the  multitemporal  observations  can  be 
used  a  model  inversion. 

Fig.3a  is  the  temporal  bidirectional  reflectances  in  red  and 
near-infrared  regions,  with  their  corresponding  reflectances 
compensated  for  vegetation  growth  within  a  growing  period 
(from  day  of  year  268  to  279).  The  data  within  this  period 
were  used  in  an  inversion  procedure  of  the  SAIL  model  with 
and  without  vegetation  growth  compensations. 


1421 


Measured  reflectances 


Fig.3  Temporal  profiles  of  reflectances  and  estimated  LAI 
values  (upper)  and  comparison  of  measured  vs.  predicted 
reflectances  using  BRDF  models  (lower). 

Fig.  3b  compares  the  predicted  values  with  measurements 
when  the  data  were  used  in  inversion  and  simulation 
procedures  with  and  without  vegetation  growth 
compensations.  The  model  did  not  properly  predict  the 
measured  reflectance  values  when  parameters  were  used 
from  inversion  using  data  without  compensation.  Using  data 
within  this  period  of  time  would  consequently  affect  the 
estimation  of  physical  properties  of  vegetation  when  model 
inversion  is  used. 

Using  the  second  technique,  we  applied  the  data  within  a 
window  period  (Fig.  3a)  where  vegetation  reached  stable 
stage  (full  coverage)  to  invert  SAIL  model  to  obtain  leaf 
optical  properties  and  soil  reflectances.  These  parameters 
were  used  as  known  parameters  in  the  subsequent  inversion 
of  all  data  to  estimated  LAI  values.  The  estimated  LAI 
values  are  depicted  in  Fig.3a  as  vertical  bars.  The  estimated 
LAI  values  reasonably  represent  the  seasonal  changes  of  the 
alfalfa  canopy. 

Case  Study  2 

A  second  data  set  contained  AVHRR  observations  over  a 
semi-arid  region  near  Niamey,  Niger  from  May  to  October 
1992.  Fig.4a  shows  the  temporal  variations  of  the  NIR 
reflectances.  When  the  second  technique  was  applied  to  this 
data  set  for  LAI  estimation,  the  results  (Fig.  4b)  seemed  to 
reasonably  represent  vegetation  growth.  The  predicted  LAI 
values  in  the  early  season  did  not  match  composited 
normalized  difference  vegetation  index  (NDVI).  This  may 
result  from  various  sources  of  noise  due  to  atmosphere  and 
soil  effects  on  the  observed  AVHRR  data. 


Day  of  Year 

Fig.4  Temporal  AVHRR  data  (upper)  and  estimated  LAI 
values  (lower)  using  the  integrated  approach. 

DISCUSSION 

This  approach  uses  multitemporal  measurements  for 
BRDF  model  inversion  procedures  with  compensation  for 
vegetation  growth.  This  approach  was  validated  with  two 
data  sets  and  appeared  promising.  It  should  be  validated 
with  more  remote  sensing  data,  especially  with 
multitemporal  observations. 

A  sensitivity  analysis  is  needed  to  study  the  effect  noise  in 
the  remote  sensing  measurements.  The  vegetation  growth 
compensation  was  made  with  a  simple  regression  technique 
at  this  time  to  find  the  trend.  Other  means  such  geostatistics 
should  be  explored.  Since  this  approach  requires  model 
inversion  and  simulation,  it  may  be  difficult  to  apply  this 
approach  to  large  data  sets  in  an  operational  manner.  In 
conclusion,  further  study  is  needed  to  explore  this  approach 
with  more  multitemporal  remote  sensing  data  and  ground 
measurements  of  those  parameters  of  interests. 
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Abstract  -  Satellite  sensors,  such  as  tlie  AVHRR,  SPOT  and 
soon  to  be  launched  MODIS,  MISR,  VEGETATION  and  GLI 
acquire  bidirectional  reflectance  data  under  different  solar 
illumination  angles.  These  systems  will  captiue  tlie  strong 
anisotropic  properties  tiiat  vary  witli  relative  amoimts  and  types 
of  vegetation  and  soil  witlim  each  pixel.  Therefore,  some 
knowledge  of  tlie  bidirectional  reflectance  distribution  function 
(BRDF)  is  a  requirement  for  successful  interpretation  of 
directional  reflectance  data  and  vegetation  indices,  and  derivation 
of  land-cover-specific  biophysical  parameters.  The  objectives  of 
this  research  were:  a)  to  parameterize  empirical  and 
semi-empirical  BRDF  models  for  different  land  cover  types  and 
MODIS  spectral  bands,  b)  utilize  tlie  BRDF  models  to  correct 
off-nadir  measurements  to  nadir-equivalent  values  for  vegetation 
index  (VI)  compositing  and  biophysical  interpretation  and  c) 
compare  different  vegetation  mdex  compositing  scenarios. 

High  spectral  (10-12  nm),  and  spatial  (3  m  at  nadir),  resolution 
bidirectional  reflectance  factor  (BRF)  measurements  from  tlie 
Advanced  Solid  State  Array  Spectroradiometer  (ASAS)  flown  on 
the  NASA  C-1 30B  aircraft  were  used  for  tlie  analysis.  Leaf  area 
index  (LAI)  measurements  were  made  conciurently  at  most  of 
tlie  study  sites  which  included  deciduous  and  coniferous  forest, 
grassland  and  slmib  savamia  land  covers.  The  nonnalized 
difference  vegetation  index  (NDVI)  and  modified  VI  (MVI)  were 
selected  as  classifiers  in  five  different  vegetation  index 
composite  scenarios: 

•  a  maximum  VI  based  on  apparent  reflectance  data, 

•  a  maximimi  VI  based  on  at-surface  reflectance  data, 

•  a  BRDF  standardized  VI,  based  on  at-siuface  reflectances  at 
nadir  view  angle  (using  a  representative  siui  angle), 

•  a  BRDF  normalized  VI,  based  on  at-siuface  reflectances  at 
nadir  view  and  nadir  sim  angles, 

•  a  nonnalized  bidirectional  VI  distribution  fiuictioii  (BVIF). 
Nadir-equivalent  VI  accuracy  and  predictability  were 

evaluated  for  all  compositing  scenarios  using  the  measured  nadir 
observations  as  a  reference.  Extrapolation  of  tlie  BRDF  models 
to  nadir  sun  angles  was  foiuid  to  be  inacciuate.  VI  composite 
scenarios  based  on  tlie  standardization  of  reflectances  to  nadir 
view  angles  was  more  acciuate  than  die  maximmn  VI  approach. 
The  results  of  tlie  analysis  emphasize  tlie  importance  of 
standardizing  BRF  for  vegetation  index  compositing  schemes  and 
retrieval  of  biophysical  parameters. 

INTRODUCTION 

The  interpretation  and  utilization  of  vegetation  index  data  on 
0-7803-3068-4/96$5.00©1996  IEEE 


a  global  scale  is  affected  by  a  combination  of  factors  such  as  the 
surface  soil  and  vegetation  properties,  atmospheric  conditions 
and  the  solar  illumination  and  sensor  characteristics.  There  is  a 
wide  range  of  variability  among  these  factors,  affecting  each 
vegetation  index  and  therefore  tlieir  biophysical  interpretation  in 
a  specific  way.  This  will  be  a  major  issue  when  dealing  with 
forthcoming  data  from  tlie  Moderate  Resolution  Imaging 
Spectroradiometer  (MODIS)  [1]. 

The  Advanced  Very  High  Resolution  Radiometer  (AVHRR) 
normalized  difference  vegetation  index  (NDVI)  compositing 
scenario  is  based  on  a  maximum  NDVI  approach  and  includes 
additional  cloud  screening  and  data  quality  checks  [2].  Altliough 
the  maximiun  NDVI  approach  was  designed  to  select  pixels 
without  clouds  and  closest  to  nadir  witliin  a  10-day  period, 
research  has  shown  tliat  tliese  assumptions  cannot  be  sustained. 
Selected  pixels  often  have  large  view  angles  and  are  not  always 
cloud-free  [3,4].  Since  residual  clouds  and  the  view  angle  alter 
tlie  surface  reflectances  and  thus  tlie  Vis,  comparisons  of  global 
vegetation  types  will  not  be  consistent  tliroughout  the  year. 

The  objective  of  tliis  research  was  to  compare  different 
vegetation  index  compositing  scenarios  utilizing  bidirectional 
reflectance  data  for  a  range  of  vegetation  types. 

DATA  AND  METHODS 

Major  land  cover  types  included  in  tliis  study  are  deciduous 
and  coniferous  forest  (Oregon  Transect  Ecosystem  Research 
Project  -  OTTER,  Boreal  Ecosystem  Atmosphere  study- 
BOREAS),  grassland  (First  ISLSCP  Field  Experiment  -  FIFE) 
and  shnib  savanna  sites  (Hydrologic,  Atmospheric  pilot 
Experiment  in  tlie  Sahel  -  HAPEX-Sahel).  High  spectral 
resolution  bidirectional  reflectance  factor  (BRF)  measiuements 
were  made  witli  tlie  Advanced  Solid  State  Array 
Spectroradiometer  (ASAS)  instnmient  flown  at  '-5000m  altitude. 
The  ASAS  reflectance  data  were  convolved  into  the  first  three 
MODIS  bands  (p.^^*  Pmr»  Pbiuc>  620-670  nm,  841-876  mn,  459- 
479  nm)  and  corrected  for  atmosphere  effects  with  ”6S".  Aerosol 
optical  deptli  data  from  tlie  airplane  and  field  sunphotometers  and 
variable  aerosol  distributions  and  atmosphere  profiles  were  used 
to  correct  for  atmospheric  effects  and  calculate  reflectance 
factors.  For  each  target  all  scenes  were  co-registered  after  which 
average  apparent  and  surface  reflectances  were  extracted  for  each 
MODIS  band  for  an  area  of  about  1-2  km^.  The  view  zenitli 
angles  ranged  between  0°  and  60°  in  both  tlie  forward  scatter  and 
backscatter  direction.  The  NDVI  and  modified  vegetation  index 
(MVI)  were  used  as  classifiers  in  tlie  five  composite  scenarios: 
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NDVI  =  (p^-p„,)/(p^,+p„,),  (1) 

MVI  =2.5  (P„ir-P,e<iy(l+Prar+  ^P,.d  '  7.5Pb,J.  (2) 

In  diis  study  two  BRDF  models  were  used  to  model  tlie  BRF  and 
VI  data.  The  empirical  Waldiall  BRDF  model  [5]: 

Pi^yy  4>v)="  +  b0,  cos  -  c(),)  +  c  ,  (3) 

where  the  reflectance  p  is  a  function  of  tlie  view  zenitli  angle  0^, 
and  the  sun  and  view  azimutli  angles  (|)y  ;  a,  b  and  c  are 
coefficients  obtained  using  a  least  square  fitting  procedure,  c  is 
equal  to  the  nadir  reflectance.  The  semi-empirical  Roujean 
model: 

p  (03 , 4)3, 0„  <!),)  =  ki3<,  +  +  k,„,  C, ,  (4) 

where  f^^  and  f^  are  fimctions  related  to  geometric  and  voliune 
scattering  components;  represents  tlie  isotropic  bidirectional 
reflectance  (for  03  =  0y  =  O),  and  k^^,  are  parameters  related 
to  several  canopy  geometric  and  optical  properties  [6].  Roujean's 
BRDF  model  was  inverted  to  compute  tlie  reflectances  at  die 
mean  and  nadir  solar  zeiiidi  angles  and  nadir  view  zehidi  angle. 
Bodi  models  were  parameterized  for  bodi  MODIS  band 
reflectance  data  and  vegetation  index  data. 

RESULTS  AND  DISCUSSION 

An  example  of  ASAS  BRF  (apparent  and  at-surface 
reflectances  for  diree  MODIS  bands)  are  given  in  Fig.  1  for 
"tigerbush”,  collected  during  HAPEX  (1992).  Graphical 
presentations  of  die  different  vegetation  types  will  appear  in  a 
future  communication.  The  difference  between  TO  A  and  at- 
surface  reflectance  factors  are  minimal  for  all  data  sets  because 
diey  were  collected  imder  fairly  clear  sky  conditions  (all  aerosol 
optical  depdis  @  550  nm  were  below  0.27).  For  most  vegetation 
types,  die  backscatter  direction  had  die  highest  reflectance 
response.  Although  die  hot  spot  effect  (increase  in  reflectance 
when  view  and  solar  zenidi  and  azimuth  angles  are  die  same) 
was  barely  noticeable  (aroimd  -45®  in  Fig.  1),  hot  spot  effects 
can  be  seen  in  some  of  die  peak  MVI  responses  in  Fig.  2. 

Die  vegetation  index  response  about  nadir  showed  significant 
variability  and  was  different  for  each  vegetation  type  (Fig.  2). 
Bodi  die  NDVI  and  MVI  were  affected  by  die  view  angle,  but  die 
MVI  showed  larger  deviations  about  nadir. 

The  results  of  die  five  composite  scenarios  are  presented  for 
the  MVI  and  partly  for  die  NDVI  (Table  1).  Percentages  of 
absolute  difference,  between  die  measiued  nadir  Vis  and  die  Vis 
residting  from  die  different  composite  scenarios,  were  computed 
for  each  vegetation  type.  The  mean  difference  and  standard 
deviation  for  all  vegetation  types  were  computed  per  composite 
scenario  to  show  die  differences  in  perfonnance  (Table  1).  The 
larger  die  mean  difference,  die  larger  die  "error"  with  respect  to 
nadir-equivalent  estimation  of  die  VI.  The  maximum  VI 
scenarios  generally  showed  a  preference  for  off-nadir  view 


Fig.  1:  BRF  for  HAPEX  Tigerbush  site  (Sept  3,  1992,  solar 
zenith  angle  45®;  data  in  solar  principal  plane)  MODIS  bands 
blue,  red  and  near  infrared,  (TOA  -  top  of  atmosphere 
reflectance;  SR  -  surface  reflectance). 


Fig.  2:  Effect  of  siu'face  anisotropy  on  MVI  and  NDVI  for 
Tigerbush  (HAPEX),  Aspen  (BOREAS),  Douglas  fir  (OTTER), 


and  Grassland  (FIFE)  (—MVI,  - —  NDVI). 

angles  for  bodi  die  NDVI  and  MVI  and  bodi  die  principal  solar 
plane  and  die  plane  ordiogonal  to  diis.  The  hot  spot  affected  the 
NDVI,  but  forward  scatter  view  angles  were  preferentially 
selected  for  the  maximum  NDVI  composite  scenario.  The 
maximiun  MVI  scenario  preferentially  selected  die  backscatter 
direction.  Maximiun  VI  composite  scenarios  for  at-surface 
reflectances  and  apparent  reflectances  had  larger  errors  dian  die 
BRDF  based  scenarios,  except  for  die  BRDF  scenarios  widi 
extrapolation  to  nadir  siui  and  nadir  view  zenidi  angles.  The  latter 
scenario  (scenario  4,  Table  1)  resulted  in  luirealistic  estimates  of 
reflectances  and  Vis.  Diis  was  likely  due  to  lack  of  variable  solar 
zenidi  angles  in  die  data  sets.  The  bidirectional  vegetation  index 
fiulction  (BVIF)  composite  scenario  was  successful  with  only 
slightly  higher  errors  diaii  die  BRDF  composite  scenario.  The 
main  disadvantage  of  die  BVIF  will  be  die  loss  of  the  actual 
surface  reflectances  needed  to  compute  odier  Vis  for  instaiice. 

Die  BRDF  models  (Walthall  and  Roujean)  perfonned  equally 
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well  for  most  vegetation  types.  A  simple  BRDF  model  seemed 
adequate  to  model  the  BRDF  for  a  range  of  global  vegetation 
types  and  produced  nadir-equivalent  Vis  witli  a  mean  absolute 
error  of  about  0.62%  for  tlie  MVI  and  0.18  %  for  die  NDVI, 
(respective  standard  deviations  were  0.7%  and  0.46  %). 

CONCLUSIONS 

Although  limited  measurements  were  available  to  model  die 
BRDF  for  all  combinations  of  view/siui  azimuth  and  zenidi 
angles,  die  parameterization  of  die  BRDF  models  and  die 
response  of  NDVI  and  MVI  were  different  for  most  land  cover 
types.  A  BRF  correction  of  off-nadir  reflectance  factors  to  nadir 
equivalent  values  seems  very  much  needed  for  bodi  vegetation 
indices  (NDVI  and  MVI),  especially  for  higher  vegetation 
covers.  Maximum  VI  compositing  scenarios  introduced  larger 
errors  dian  the  BRF  composite  scenarios  (extrapolation  to  nadir 
view  angle,  at  a  representative  siui  angle),  except  when  a  BRDF 
model  was  used  to  extrapolate  to  siuface  reflectances  widi  bodi 
nadir  view  and  nadir  sun  angles.  The  residts  emphasize  die 
importance  of  standardizing  BRFs  for  vegetation  index 
compositing  schemes  and  retrieval  of  biophysical  parameters. 
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Table  1 .  Overview  of  tlie  at-nadir  NDVI  and  MVI  from  ASAS  data  for  a  range  of  vegetation  types  with  estimates  of  measiued  leaf 
area  index  (LAI).  Five  composite  scenarios  were  compared  witli  reference  to  tlie  nadir  NDVI  and  MVI;  1)  tlie  maximum  VI  for 
apparent  reflectances  (TOA-top  of  atmosphere),  2)  maximiun  VI  for  at-siuface  reflectances  (SR),  3)  Vis  based  on  nadir-view- 
equivalent  reflectances  obtained  witli  die  Walthall  BRDF  model  and  die  Roujean  BRDF  model,  4)  Vis  based  on  nadir  view/sun 
equivalent  reflectances  obtained  widi  die  Waldiall  BRDF  model  and  die  Roujean  BRDF  model,  and  5)  nadir  equivalent  Vis  based 
on  substitution  of  die  reflectances  by  VI  values  in  Waldiall's  and  Roujean's  model.  Futiue  commiuiications  will  include  die 
presentation  of  aU  BRDF  residts  for  die  NDVI.  (where:  (B)  =  BOREAS,  (0)=OTTER,  (F)=FIFE,  (H)=HAPEX,  pp  -  principal  plane; 
op  -  ordiogonal  plane). 
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ABSTRACT 

This  paper  describes  a  procedure  for  the  retrieval 
of  canopy  structural  parameters  (e.g.  height, 
shape,  density)  from  multiangle  reflectance  meas¬ 
urements  using  an  artificial  neural  network 
(ANN).  The  objective  is  to  train  a  neural  network 
to  learn  the  association  of  canopy  structural 
parameters  with  its  corresponding  directional 
reflectance  pattern.  The  Li-Strahler  [1] 
geometric-optical  mutual  shadowing  model  is 
used  to  simulate  the  bidirectional  reflectance  of  a 
canopy  based  on  the  geometry  of  the  trees.  The 
reflectance  generated  from  the  model  is  used  as 
an  input  to  a  multilayer  feed-forward  neural  net¬ 
work,  with  the  canopy  structural  parameters  as 
outputs.  ANNs  have  great  potentials  to  learn  the 
relation  (or  any  continuous  function)  between 
input  patterns  and  desired  outputs  without  any 
prior  knowledge  of  the  mapping  function.  Using 
the  neural  network  retrieval  approach,  the 
between  the  model  predicted  canopy  parameters 
and  the  actual  parameters  of  density  is  0.85  and 
0.75  for  the  tree  crown  diameter  and  canopy 
height 

INTRODUCTION 

The  main  objectives  of  this  article  are  to  assess 
and  explore  the  use  of  artificial  neural  networks 
in  inverse  modeling  of  the  bidirecticMial 
reflectance  of  a  forest  The  problem  of  inverse 
modeling  in  remote  sensing  is  treated  here  as  a 
mathematical  relationship  between  a  set  of  input 
parameters  and  a  set  of  output  parameters,  that  is 
canopy  parameters  and  corresponding  bidirec¬ 
tional  reflectances.  Multilayer  feed-forward 
neural  networks  leam  adaptively  by  examples  to 
approximate  an  input-ou^ut  relation  or  a  map¬ 
ping  function  between  a  canopy’s  bidirectional 
reflectance  distribution  function  (BRDF)  and  its 
structural  parameters.  The  assumption  here  is 


that  the  bidirectional  reflectance  of  a  canopy  is  a 
fimcticHi  of  the  geometry  of  its  constituent  ele¬ 
ments  (tree  height,  sh^),  the  spatial  distribution 
of  the  elements,  and  the  illumination  and  viewing 
geometry.  This  implies  that  the  bidirectional 
reflectance  of  the  canopy  is  particular  to  the 
canopy’s  structural  parameters,  and  that  canopies 
with  different  parameters  will  exhibit  different 
bidirectional  reflectance. 

This  study  uses  a  data  set  that  is  simulated 
using  the  Li-Strahler  geometric-optical  mutual 
shadowing  model  [1].  The  model  predicts  the 
bidirectional  reflectance  of  tree  canopies  based  on 
the  geometry  of  the  trees,  their  spatial  distribu¬ 
tion,  the  component  signatures  of  the  canopy  ele¬ 
ments,  and  the  viewing  and  illumination 
geometry.  This  model  is  used  to  generate  a  large 
data  set  for  training  and  testing  the  neural  net¬ 
work.  A  typical  input  to  the  netwoik  in  this  case 
consists  of  the  bidirectional  reflectance,  a  set  of 
parameters  that  describe  the  typical  spectral  sig¬ 
natures  of  the  elements  present  in  the  scene,  and 
the  set  of  parameters  that  describe  the  illumina¬ 
tion  and  viewing  geometry  (Fig  1).  The  output 
from  the  network  will  be  the  canopy  structural 
parameters  in  reference  to  density,  crown  shapte 
and  height 


METHODOLOGY 

The  Li-Strahler  geometric-qjtical  mutual  sha- 
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(lowing  model  is  used  to  simulate  the  bidirec¬ 
tional  reflectance  of  diffaent  canopy  types  with 
varying  parameters  of  tree  geometry  and  spatial 
distribution.  For  the  tree  geometry  three  vegeta¬ 
tion  covers  were  simulated:  (a)  conifer,  (b) 
savanna,  and  (c)  shrubland.  For  this,  2200  canopy 
sites  are  simulated  where  each  site  has  its  unique 
tree  geometry  and  density.  In  calculating  the 
model’s  BRDFs,  the  solar  illumination  angle  is 
varied  from  15®  at  increments  of  5®  to  a  max¬ 
imum  of  60°.  The  ccmiponent  signatures  are 
chosen  to  be  similar  to  reflectance  signatures  typi¬ 
cal  at  the  red  spectral  band.  This  data  set  was 
divided  to  a  training  set  of  2000  observations  and 
a  testing  data  set  with  200  observations. 

The  input  data  set  used  in  this  study  consist 
of  reflectance  values  and  component  signatures, 
where  most  of  these  values  cluster  in  a  range 
between  0.03  and  0.25.  It  was  necessary  to 
preprcxess  these  values  to  enhance  the  variability. 
Hence,  a  logarithmic  transformation  is  tqjplied  to 
the  input  values. 

NEURAL  NETWORK  MODELING 

This  study  uses  a  multilayer  feed-forward  neural 
networic  to  perform  the  canopy  inverse  modeling. 
Such  networks  apiHOximate  the  mathematical 
relation  between  a  set  of  input  parameters  and  a 
set  of  output  parameters  tluough  a  supervised 
learning  approach.  Previous  studies  [2]  and  [3], 
have  shown  that  a  multilayer  feed-forward  neural 
network  can  proximate  any  continuous  input- 
output  relation  provided  it  contains  the  sufficient 
number  of  hidden  units.  An  extensive  description 
and  review  of  the  multilayer  feed-forward  net¬ 
works  and  the  algorithm  used  for  training  called 
"backpropagation"  is  given  in  [4]. 

A  neural  networic  with  three  fully  con¬ 
nected  layers  is  developed  to  estimate  the  three 
canopy  parameters,  density,  crown  shape,  and 
canopy  height  The  input  vector  consists  of  22 
variables,  where  18  rqrresent  the  bidirectional 
reflectance  of  a  canopy  in  the  principal  plane  and 
across  the  principal  plane  (from  +60°  in  the  back¬ 
ward  scattering  direction  to  -60°  in  the  forward 
scattering  direction  at  increments  of  15°.)  The 
other  4  parameters  represent  the  3  component  sig¬ 
natures  and  the  solar  illumination  angle.  The  out¬ 


put  vector  consists  of  three  units  representing,  the 
density,  crown  sh^  and  canopy  height.  The  hid¬ 
den  layer  consists  of  30  processing  units. 

For  training  the  networic,  a  hyperbolic  func¬ 
tion  is  used  as  the  network’s  activation  function. 
The  transformed  logarithmic  values  are  scaled 
between  -1.0  and  1.0  for  the  inputs  and  -0.8  and 
0.8  for  the  outputs.  A  learning  rate  of  0.3  and  a 
momentum  of  0.4  are  used  during  training.  Train¬ 
ing  was  stopped  when  the  root  mean  square  error 
was  less  than  0.01. 

RESULTS  AND  DISCUSSIONS 

Table  1  reports  the  results  of  testing  the  predic¬ 
tion  and  genraalization  ability  of  the  network.  It 
shows  the  values  between  die  network- 
predicted  canopy  parameters  and  actual  canopy 
parameters.  The  for  the  density  parametCT  is 
approximately  0.85  and  0.75  for  both  the  (nown 
shape  and  height  parameters. 


Table  1 


Canopy  Parameter 

R^ 

Density 

0.858 

Crown  Shape 

0.759 

Height 

0.758 

An  intoesting  issue  in  the  analysis  of  the 
retrieval  of  canopy  parameters  is  to  study  the 
effect  of  the  mo<iification  of  the  input  vector  on 
the  performance  of  the  network  estimation.  This 
is  investigated  by  two  t^proaches.  The  objective 
of  the  first  is  to  analyze  the  contribution  of  the 
across  principal  plane  information  in  the  estima¬ 
tion  procedure.  This  is  tested  by  performing  the 
invasion  using  the  principal  plane  reflectance 
only  and  assessing  the  network  performance.  The 
second  approach  involves  reducing  the  principal 
plane  reflectance  measurements  and  obsoving  the 
network  performance. 

New  networks  are  developed  for  both 
cases.  In  the  first  qrproach,  the  neural  network 
consists  of  a  reduced  input  vector  with  13  units. 
The  hidden  layer  and  the  ouq>ut  layer  remain 
unchanged.  The  network  is  again  tested  for  the 
estimation  of  the  three  canopy  parameters.  Table 
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2  shows  the  of  the  testing  data  set  of  the  three 
parameters.  For  the  second  case,  the  input  vector 
is  modified  by  deleting  the  the  input  units 
representing  the  bidirectional  reflectance  at  -60® 
and  460®.  A  network  with  1 1  input  units,  30  hid¬ 
den  units  and  3  output  units  is  trained  and  tested. 
Table  3  shows  the  of  the  testing  data  set  for 
the  three  parameters. 


Table  2 


Canopy  Parameter 

R  " 

Density 

0.843 

Crown  Shape 

0.554 

Height 

0.526 

Table  3 


Canopy  Parameter 

R  " 

Density 

0.788 

Crown  Shape 

0.524 

Height 

0.552 

The  results  in  Table  1  shows  that  accurate 
estimation  of  different  canopy  paiamet^  from 
multiangle  measurements  can  be  achieved 
through  the  use  of  multilayer  neural  networks. 
The  inversion  of  the  canopy  parameters  worked 
fairly  well,  capturing  between  75%  to  85%  of  the 
total  variance  in  the  data.  The  density  parameter 
is  best  estimated  with  aa  R^  of  0.85  and  0.75  for 
both  the  crown  sh^  and  canopy  hei^t. 

A  decrease  in  the  accuracy  of  the  estima¬ 
tion  for  the  crown  sh^  and  canopy  height  is 
noted  when  across  principal  plane  reflectance’s 
are  excluded.  Similarly,  a  decline  is  noted  upon 
reducing  the  extreme  measurements  on  the  princi¬ 
pal  plane.  Note  that  the  BRDF  information  gen- 
^ted  by  the  Li-Strahlo'  model  is  not  uniformly 
distributed.  Both  the  principal  plane  and  across 
principal  plane  contain  important  information 
about  the  surface’s  BRDF. 

CONCLUSIONS 

The  study  demonstrates  that  neural  networks  can 


be  effective  in  the  estimation  of  canopy  parame¬ 
ters  finom  multiangle  reflectance  measurements. 
Such  networics  provide  an  alternative  viable 
approach  for  inverse  canopy  modeling,  and  offer 
many  advantages  over  the  conventional  statistical 
methods.  Multilayer  neural  netwoHrs  learn  adap¬ 
tively  to  approximate  the  mathematical  relation 
between  a  set  of  input  parameters  and  a  set  of 
ou^ut  parametos,  without  a  priori  knowledge  of 
the  mapping  function.  Future  research  in  this  area 
can  be  directed  towards  estimating  other  canopy 
biophysical  paramet^  such  as  leaf  area  index 
(LAI)  firom  reflectance  measurements. 
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ABSTRACT 

During  the  past  three  years,  a  number  of  observations  have 
been  made  with  an  airborne  Millimeter-w^ave  Imaging 
Radiometer  (MIR)  over  the  storms  in  the  western  Pacific 
Ocean  and  in  the  coastal  region  of  the  eastern  United  States. 
MIR  measured  radiometric  signatures  of  these  storms  at  six 
frequencies  oT89,  150,  183.3±1,  183.3±3,  183.3±7,  and  220 
GHz.  Analyses  of  these  measurements  show  that  brightness 
temperatures  (Tb)  at  all  frequencies  are  strongly  depressed. 
In  some  cases  the  Tb  depression  displays  a  strong  frequency 
dependence  of  scattering  by  hydrometeors.  In  other  cases 
there  is  a  leveling  off  of  scattering  at  high  frequencies,  i.e., 
Tb  values  at  150  and  220  GHz  are  quite  comparable.  A  few 
high-towering  scattering  cells  are  found  to  display  unique 
signatures  at  the  three  water  vapor  channels  near  183.3  GHz 
which  in  turn  could  be  used  to  identify  these  cells.  A  series 
of  calculations  with  a  backward  Monte  Carlo  technique, 
using  profiles  of  hydrometeors  generated  by  a  cloud  model, 
are  performed  to  simulate  some  of  these  observed  features. 
Results  from  these  calculations  are  compared  with 
observations  and  their  implications  on  the  storm  structures 
will  be  discussed. 


INTRODUCTION 

Microwave  radiometric  measurements  of  precipitating 
systems  have  been  conducted  from  both  aircraft  and  satellite 
altitudes  for  nearly  two  decades  [1-2].  Most  of  these 
measurements  were  limited  to  frequencies  <  90  GHz.  Only  a 
few  studies  with  frequencies  >  90  Ghz  have  been  reported  in 
the  literature  [3-4].  These  studies  have  contributed  much 
towards  our  imderstanding  of  some  unique  features 
associated  with  the  scattering  of  radiation  near  90  and  183 
GHz  by  atmospheric  hydrometeors.  However,  the  rich 
information  contained  in  these  high  frequency  observations 
over  rain  storms  remains  to  be  explored  fully.  In  this  paper 
we  report  the  observations  of  rain  storms  during  the 
TOGiVCOARE  (Tropical  Ocean  Global  Atmosphere/ 
Coupled  Ocean  Atmosphere  Response  Experiment)  mission 


by  a  Millimeter-wave  Imaging  Radiometer  (MLR)  aboard  a 
NASA  ER-2  aircraft.  The  differences  in  Tb  values  observed 
over  storms  at  different  frequencies  are  described.  The 
implications  from  the  features  displayed  by  the  three  w^ater 
vapor  channels  near  183.3  GHz  are  discussed. 

THE  MEASUREMENT  RESULTS 

A  series  of  flights  were  made  for  TOGA/COARE  in  the 
western  Pacific  during  Januai}^-February  of  1993.  MIR  is 
one  of  several  key  instruments  aboard  the  ER-2  aircraft  for 
this  mission.  A  typical  flight  normally  lasted  about  6  hours 
and  covered  a  variety  of  atmopsheric  conditions.  The  MIR 
signatures  over  a  t>pical  storm  region  observed  between 
0446  and  0457  UTC  on  January  19  are  displayed  in  Fig.  1. 
Here  the  variations  of  the  Tb  values  at  nadir  for  89,  150  and 
183.3dL3  GHz  chaimels  are  shown  in  the  middle  portion  of 
the  figure;  those  for  220  GHz  channel  and  13  jim  chaimel 
from  MAS  (MODIS  Aiibome  Simulator)  at  the  top  of  the 
figure,  and  the  variations  for  the  differences  of  Tb’s  between 
pairs  of  water  vapor  channels  are  shown  in  the  bottom  of  the 
figure.  There  is  a  strong  correlation  among  all  the  MIR 
channels  as  expected,  especially  in  the  regions  of  scattering 
characterized  by  low  Tb  values.  The  Tb  values  in  the  three 
window  channels  of  89,  150  and  220  GHz  suggest  a  strong 
frequency  dependence  of  scattering,  i.e.,  Tb*s  are  generally 
lower  the  higher  the  frequency  of  observations.  The  13  pm 
chaimel  from  the  MAS  stay  within  ±5  K  of  the  median  value 
of  about  215  K  with  a  single  exception  at  about  0454  UTC 
where  its  Tb  values  drop  to  below  190  K.  This  occurs  at  the 
place  where  Tb's  from  all  the  MIR  channels  are  at  their 
lowest  values  and  corresponds  to  a  convective  cell  with  a 
significant  updraft  of  hydrometeors  that  cause  a  strong 
scattering  of  radiation  at  the  MIR  frequencies.  The  presence 
of  such  a  towering  cell  is  confirmed  by  a  strong  radar 
reflectivity  at  15  km  altitude  near  the  location  of  the  ER-2 
aircraft  at  0454  UTC  [5].  It  can  also  be  inferred  from  the 
signatures  of  the  three  183.3  GHz  channels. 

It  is  stipulated  that  the  dispersion  of  the  water  vapor 
chaimels,  i.e.,  the  positive  values  of  the  Tb  differences  at  the 
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Fig  1.  Time  variations  of  brightness  temperatures  obseiv^ed 
by  MIR  and  MAS  over  a  storm  in  western  Pacific. 
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Fig.  2.  The  variations  against  total  precipitable  water  of  the 
brightness  temperatures  and  their  differences  calculated  for 
the  three  channels  near  183.3  GHz 


bottom  of  Fig.  1,  is  caused  by  a  small  amoimt  of  water  vapor 
above  the  scattering  media.  The  situation  is  qualitatively 
analogous  to  that  reported  previously  by  Wang  et  al.  [6]  for  a 
dry  atmosphere  over  the  cold  ocean  background.  Much 
could  be  learned  firom  those  reported  results.  Fig.  2  shows 
the  variations  of  Tb  and  their  differences  against  the  total 
precipitable  water  p  (g/cm^)  for  these  water  vapor  channels. 
The  calniiations  are  made  for  a  dry  atmosphere  with 
diffpTffnt  p  values  over  an  ocean  background.  The  curves  for 
the  differences  in  Tb’s  between  two  frequencies  vj  and  V2  are 
denoted  by  ATb(vi,  V2)  in  the  bottom  of  the  figure.  Notice 
that,  at  p  >  0.7  g/cm^  the  atmosphere  becomes  opaque  to  all 
three  water  vapor  channels  and  Tb  values  monotonously 
decrease  with  p;  Tb  at  183.311  GHz  assumes  the  lowest 
value  because  its  weighting  fimction  peaks  at  the  highest 
altitude  among  the  three  channels.  The  interesting  features 
occur  in  those  region  with  p  <  0.7  g/cm^  where  Tb(v)'s  and  A 
Tb(vi,  V2)'s  show  more  rapid  changes.  As  p  decreases,  the 
183.317  GHz  channel  begins  to  see  the  cold  surface 
background  and  Tb(183.3l7)  is  the  first  to  show  a  decrease. 
This  is  followed  in  sequence  by  the  183.313  GHz  and  the 
183.311  GHz  channels  as  p  decreases  further.  The  183.317 
GHz  curve  intersects  the  183.313  GHz  ctuve  at  p  =  0.63 
g/cm^,  and  then  the  183.3  GHz  curve  at  p  =  0.58  g/cm^.  The 
183.313  GHz  curve  intersects  the  183.311  GHz  curve  at  p  = 


0.31  g/cm^.  This  sequence  of  occurrences  is  observed  by  the 
MIR  from  data  collected  over  all  scattering  cells  without  a 
single  exception.  Two  examples  are  shown  in  Fig.  3  where 
the  observed  variations  of  ATb(vi,  V2)'s  from  portion  of  Fig. 
1  and  from  another  event  observed  over  southern  Florida  on 
October  5,  1993  are  plotted. 

The  dotted  horizontal  lines  in  Fig.  3,  like  the  horizontal 
dashed  line  in  Fig.  2,  provide  a  reference  where  ATb(vi,  v)2's 
change  sign.  A  close  examination  of  the  figure  reveals  that, 
going  from  the  quiescent  to  the  scattering  media  in  the  time 
axis,  the  ATb(183.313,  183.317)  curve  changes  from 
negative  to  positive  values  first  This  cross-over  from 
negative  to  positive  regions  is  followed  in  sequence  by 
ATb(183.311,  183.317)  and  ATb(183.311,  183.313)  curves. 
This  sequence  of  cross-overs  is  reversed  leaving  from  the 
scattering  to  the  quiescent  media.  Even  the  ATb(vi,  V2)'s 
over  the  small  and  weak  scattering  cell  at  0453  UTC  in  Fig. 
3a  follow  this  general  trend.  Once  crossing  these  thresholds 
to  the  region  of  scattering  with  decreasing  p  (Fig.  2),  ATb(vi, 
V2)’s  first  increase  and  then  decrease  with  the  decrease  in 
Tb(v)’s.  The  minima  in  ATb(vi,  V2)  indicated  by  the  arrows 
in  Fig.  3  correspond  to  the  locations  of  the  lowest  p  for  these 
scattering  cells.  For  the  event  on  January  19,  this  occurs  at 
-  0454  UTC  (Fig.  1)  where  minima  in  both  ATb(vi,  V2)’s 
and  Tb(v)’s  are  observed.  Since  it  is  unlikely  to  have  a  hole 
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Fig.  3.  Time  variations  of  the  brightness  temperature 
differences  observed  from  the  MIR  water  vapor  channels  on 
(a)  January  19,  1993  and  (b)  October  5, 1993. 

of  a  few  km  in  size  deficient  of  water  vapor  in  the 
atmosphere,  a  plausible  picture  would  be  a  towering 
scattering  cell. 


RADIATIVE  TRANSFER  CALCULATIONS 

Calculations  of  upwelling  Tb’s  have  been  made  with  a 
backward  Monte  Carlo  technique  [7],  based  on  profiles  of 
hydrometeors  generated  by  a  cloud  model  [8].  The  cloud 
model  was  used  to  simulate  a  squall  line  in  a  tropical 
oceanic  enviromnent.  In  general,  computed  Tb  values  were 
sensitive  to  assumptions  regarding  the  size  distributions  and 
material  densities  of  the  ice  hydrometeor  species  (cloud  ice, 
graupel,  snow,  and  fi'ozen  drops).  In  regions  of  the 
simulated  squall  line  where  significant  ice  hydrometeors 
were  present,  computed  Tb’s  at  220  GHz  were  -5-20  K 
below  those  at  150  GHz.  These  150  Tb’s  in  turn  were  -10- 
40  K  below  those  at  89  GHz.  The  negative  to  positive  cross¬ 
overs  in  the  ATb(183.3±3,  183.3±7),  ATb(183.3±l,  183.3±7), 
and  ATb(183.3±l,  183. 3±3)  curves  were  also  simulated 
using  the  model  squall  line. 


CONCLUSIONS 

Radiometric  measurements  over  a  few  storms  in  the 
western  Pacific  were  made  with  an  airborne  MIR  in  the 
frequency  range  of  89-220  GHz  during  Januaiy-February 
1993.  Results  showed  a  variety  of  frequency  dependence  of 
the  scattered  millimeter-wave  radiation,  reflecting  a  complex 
structure  and  distribution  of  the  atmospheric  hydrometeors. 
The  signatures  at  the  three  183.3  GHz  charmels  were  shown 
to  be  useful  in  identifying  towering  cells  and  other  scattering 
characteristics.  Calculations  of  upwelling  Tb’s  using  a 
backward  Monte  Carlo  technique  provided  results  that 
showed  features  of  frequency  dependence  roughly  consistent 
with  the  MIR  measurements.  The  cloud  model  is  currently 
being  fine-tuned  to  match  calculations  with  measurements  so 
as  to  infer  the  structure  of  hydrometeors 
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Abstract  —  Surface  measurements  of  atmospheric  emission  at 
20,  31,  and  90  GHz  have  been  compared  to  theoretical  values 
calculated  from  simultaneous  radiosonde  measurements  and 
well-known  absorption  models.  Measurements  were  made  at 
continental  locations  in  the  United  States,  and  islands  and  ships 
in  the  Atlantic  and  tropical  western  Pacific  Oceans. 
Observations  of  clear  sky  emission  in  the  tropics  during  1993 
showed  much  poorer  agreement  with  theoretical  emission  than 
observed  at  continental  locations.  The  reason  for  the  larger 
discrepancy  in  the  tropics  may  be  due  to  errors  in  the  radiosonde 
humidity  element  element  when  operated  in  the  extremely 
humid  environment.  In  order  to  obtain  additional  insight  into 
the  cause  of  the  discrepancy,  a  second  set  of  simultaneous 
emission  and  radiosonde  measurements  in  the  tropical  Pacific 
region  was  obtained  during  a  cruise  of  the  NOAA  research 
vessel  Discoverer  from  15  March  to  13  April  1996. 
Measurements  and  theoretical  emission  are  compared  for  both 
the  1993  and  1996  data  sets. 


INTRODUCTION 

As  part  of  the  nation's  research  program  in  climate  and 
global  change,  the  Environmental  Technology  Laboratory 
(ETL)  operated  microwave  radiometers  at  several  domestic  and 
international  locations  during  the  period  1987-1994.  In  addition 
to  climatic  data,  the  radiometers  provided  new  information  for 
the  evaluation  of  absorption  models  which  predict  the  total 
absorption  of  millimeter  waves,  hence  emission,  from  a  profile 
of  temperature  and  humidity  measured  by  a  radiosonde. 


This  work  was  supported  by  the  Environmental  Sciences  Divi¬ 
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NOAA  Office  of  Global  Programs 


Previous  papers  presented  comparisons  of  measurements  and 
theory  for  five  locations  in  the  United  States  and  abroad  [1],  [2]. 
These  papers  also  pointed  out  that  comparisons  in  the  tropics 
show  a  much  larger  variance  than  was  found  in  the  temperate 
zones.  This  paper  presents  the  initial  observations  in  the  trop¬ 
ical  western  Pacific  region.  A  second  experiment  to  be  con¬ 
ducted  in  the  tropics  in  March- April  1996  is  described;  its 
objective  is  to  obtain  greater  insight  into  the  poor  agreement 
between  measurements  and  theory  found  in  the  tropics. 

METHODOLOGY 


Microwave  Radiometers 

ETL  employed  dual-channel  radiometers  operating  at  (1)  20.6 
and  31.65  GHz,  and  (2)  23.87  and  31.65  GHz.  In  addition,  a 
three-channel  system  operating  at  20.6,  31.65,  and  90.0  GHz, 
was  used.  All  three  systems  employ  triple-switching  and  offset 
parabolic  antennas  with  beamwidths  ranging  from  4.0  deg  for 
the  two-channel  systems  to  2.5  deg  for  the  three-channel  radi¬ 
ometer.  The  measurement  accuracy  of  the  radiometer  systems 
is  monitored  by  continuously  recording  critical  engineering 
data,  i.  e.,  component  temperatures  and  system  gain;  the  uncer¬ 
tainty  in  each  emission  (brightness  temperature)  measurement 
caused  by  fluctuations  in  radiometer  components  can  be  readily 
calculated  since  the  variance  of  each  term  in  the  radiometer 
equation  can  be  calculated  from  the  engineering  data  [2], 

Radiometers  are  calibrated  by  means  of  tipping  curves  [3] 
which  yield  a  calibration  factor,  Cp,  that  relates  input  brightness 
to  output  voltage.  The  uncertainty  in  Cp  is  found  by  calcu¬ 
lating  its  variance  observed  over  a  large  number  of  tipping 
curves. 


0-7803-3068-4/96$5.00©1996  IEEE 


1432 


Due  to  the  variability  in  radiometer  temperatures  and  gain, 
and  the  uncertainty  in  the  calibration  factor,  radiometer 
measurement  accuracy  varies  with  time.  In  the  comparisons  of 
measurements  and  model  predictions  discussed  below,  the 
measurement  accuracy  has  been  calculated  over  30~min 
intervals  beginning  with  the  start  of  each  radiosonde  flight. 

Measurement  Locations 

Measurements  were  made  at  the  following  locations  in  the 
temperate  zone:  Wallops  Island,  VA  (WAL),  Coffeyville,  KS 
(COF),  Porto  Santo  Island,  Portugal  (PSO),  and  the  research 
vessel  (IW)  Malcolm  Baldrige  (BAL)  steaming  in  the  region 
between  the  Azores  and  the  Madeiras  in  the  northern  Atlantic 
Ocean.  In  the  tropical  Pacific  region,  measurements  were  made 
at  Kavieng,  Papua  New  Guinea  (KAV),  located  on  the  island  of 
New  Ireland, 

Radiosondes 

Eighty  percent  of  the  radiosonde  data  was  obtained  with  the 
Vaisala  model  RS80  sounder  with  HUMICAP  humidity  sensors; 
remaining  data  were  recorded  using  the  VIZ  (U.S.)  sounder 
with  hygristor  humidity  sensors.  Although  the  accuracy  of  the 
radiosonde  humidity  sensor  is  stated  to  be  ±5  percent, 
comparison  of  measurements  with  theoretical  values  of  atmos¬ 
pheric  emission,  discussed  below,  suggest  that  this  value  may 
not  always  be  achieved  in  the  tropical  atmosphere. 


Absorption  Models 

Theoretical  emission  was  calculated  from  radiosonde  profiles 
of  temperature,  pressure,  and  humidity  using  two  absorption 
models  of  Liebe:  the  1987  version  [4]  which  we  refer  to  as 
RTE87,  and  Liebe's  1993  updated  model  [5]  which  we  refer  to 
as  RTE93.  The  essential  differences  in  the  two  models  was 
discussed  in  [2]  and  will  not  be  repeated  here. 

DISCUSSION 

Table  1  contains  a  summary  of  the  comparisons  of  observed 
and  theoretical  millimeter  wave  emission  for  the  five  meas¬ 
urement  locations  described  above.  The  comparisons  are  lim¬ 
ited  to  clear  sky  conditions  to  avoid  possible  complications 
caused  by  liquid  water.  Considering  the  coefficients  of 
determination^  for  the  total  data  set,  it  is  clear  that  the  agree¬ 
ment  between  measurements  and  theory  is  more  highly  variable 
in  the  tropics  than  in  the  temperate  zone.  Some  improvement 
in  coefficient  of  determination  is  obtained  by  limiting  the  com¬ 
parison  to  those  differences  that  fall  within  the  99  percent 
uncertainty  level  of  the  radiometric  measurement  although  the 
tropical  data  are  still  more  variable  than  the  temperate  zone 
data. 


*The  percentage  of  the  observations  that  is  "explained  by"  a 
linear  least  squares  fit  to  the  data. 


Table  1.  Agreement  Betweeen  Measured  and  Theoretical  Brightness  Temperature  for  (1)  Data  Within  99  Percent  Confidence 
Limits  of  the  Radiometer  Measurement,  and  for  (2)  Total  Amount  of  Data  At  All  Measurement  Locations  Combined. 


Data  Within  99%  Limits  Total  Data  Set 


Location 

Frequency 

(GHz) 

Absorption 

Model 

Sample 

Size 

rms  AT 
(K) 

Coefficient  of 
Determination 
fPercentl 

Sample 

Size 

rms  AT 
(K) 

Coefficient  of 
Determination 
rPercent) 

WAL,  COF, 

20.6 

RTE87 

158 

0.917 

98.5 

302 

1.641 

97.1 

PSO,  BAL 

RTE93 

166 

0.859 

99.2 

1.497 

97.1 

WAL,  COF, 

31.65 

RTE87 

23 

0.548 

97.2 

302 

2.005 

96.9 

PSO,  BAL 

RTE93 

217 

0.519 

98.9 

0.822 

98.9 

WAL,  COF, 

90.0 

RTE87 

170 

2.223 

98.5 

235 

2.873 

97.9 

PSO 

RTE93 

147 

2.533 

99.0 

4.411 

97.9 

KAV 

23.87 

RTE87 

47 

1.081 

96.5 

110 

3.533 

75.2 

RTE93 

12 

1.462 

92.1 

6.238 

75.1 

KAV 

31.65 

RTE87 

90 

1.111 

79.7 

110 

1.751 

59.3 

RTE93 

17 

1.916 

79.4 

4.742 

57.1 
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The  most  obvious  reason  for  poor  disagreement  between 
observed  and  theoretical  emission  is  that  the  zenith-pointing 
radiometer  and  the  radiosonde,  whose  sampling  volume  is 
dependent  upon  the  upper  level  winds,  observe  different 
regions  of  the  atmosphere.  However,  for  the  Kavieng  data,  a 
study  of  radiosonde  balloon  tracks  show  that  soundings  sampled 
a  volume  on  average  within  23  km  (maximum  distance  43.3  km) 
from  the  launch  site  where  the  radiometer  and  radiosonde  are 
collocated.  Since  the  atmosphere  is  generally  uniform  over  such 
distances,  it  is  unlikely  that  very  much  of  the  poor  agreement  is 
caused  by  sampling  different  regions  of  the  atmosphere. 

Another  problem,  sometimes  encountered  at  Kavieng,  was 
solar  heating  of  the  humidity  element  after  initial  system 
calibration  but  prior  to  balloon  launch.  However,  solar  heating 
would  only  affect  radiosondes  launched  during  the  daylight 
hours.  Unfortunately,  no  diurnal  variation  could  be  detected  in 
the  comparisons  of  measurement  and  theory.  As  a  result,  solar 
heating  of  the  humididy  element  cannot  be  the  general  cause  of 
the  large  discrepancies. 

Wetting  of  the  humidity  element  by  liquid  water  as  the 
radiosonde  encountered  clouds  could  also  cause  errors  in  the 
humidity  measurement.  Unfortunately,  there  is  no  way  to 
confirm  whether  the  radiosonde  encountered  cloud  liquid  if  the 
balloon  is  outside  the  view  of  the  microwave  radiometer. 

By  process  of  elimination,  we  conclude  that  unknown  factors 
influence  the  performance  of  the  HUMICAP  humidity  sensor 
when  operated  in  the  tropical  atmosphere.  These  factors  may 
include  use  of  a  "bad”  batch  of  humidity  elements  in  the  1993 
measurements,  undetected  operational  errors,  wetting  by  cloud 
liquid,  or  nonlinear  response  of  the  humidity  sensor  in  the 
extremely  moist  tropical  atmosphere. 

TROPICAL  WESTERN  PACIFIC  CRUISE 

In  an  attempt  to  shed  more  light  upon  these  questions,  a 
second  set  of  observations  are  planned  for  the  period  15  March 
to  13  April  1996.  During  this  experiment,  ETL  will  operate  a 


two-channel  microwave  radiometer  on  the  NOAA  R/V 
Discoverer  on  a  cruise  extending  from  American  Samoa  to 
Manus  Island,  Papua  New  Guinea,  to  Honolulu,  Hawaii. 
Radiosonde  data  will  be  obtained  by  ETL  personnel  throughout 
the  cruise.  In  addition,  independent  measurements  will  be  made 
by  a  RAMAN  lidar  operated  by  the  Department  of  Energy. 
Preliminary  data  from  the  cruise  will  be  discussed  during 
presentation  of  the  oral  version  of  this  paper  at  IGARSS  '96. 
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Abstract— Atmospheric  absorption  parameters  at  microwave 
frequencies  are  estimated  using  synthesizer  radiometer  data 
from  experiments  at  San  Diego  Miramar,  CA  and  at  West 
Palm  Beach,  FL.  Measurements  of  well-calibrated 
downwelling  brightness  temperatures,  Tb,  at  up  to  nine 
frequencies  spanning  the  22.235  GHz  water  vapor  line  are 
compared  to  model  predictions  using  radiosonde 
measurements  at  each  site.  Model  parameters  are  adjusted 
by  non-linear  regression  to  fit  the  radiometer  data. 


INTRODUCTION 

Water  vapor  emission  model  uncertainty  is  often  the 
dominant  error  source  for  microwave  remote  sensing  of  the 
troposphere  [l]-[3].  Absorption  line  shape  models  have  been 
developed  by  Gross  [4],  Van  Vleck-Weisskopf  (V-W)[5], 
and  Lorentz  [5]  based  on  the  rotational-vibrational 
resonances  of  water  vapor  molecules.  The  V-W  line-shape 
function  agrees  better  [6]  with  the  laboratory-controlled  data 
measured  by  Becker  and  Autler  [7].  This  line  shape  has 
been  used  in  Liebe  [8]  and,  with  some  modifications, 
Rosenkranz  [9]  models  to  describe  water  and  oxygen 
emission  spectra.  An  empirical  continuum  term  has  been 
added  to  account  for  excess  attenuation  between  absorption 
spectra  data  and  theoretical  models.  The  physical 
phenomena  behind  the  excess  absorption  in  the  continuum 
might  be  due  to  inaccuracies  in  the  far  wing  line  shape  of 
vapor  resonances  [10],  the  exclusion  of  the  effects  of  water 
clusters  [11]  and/or  forbidden  transition  between  energy 
levels  on  these  line  functions  [12].  Although  this  excess  has 
still  to  be  understood,  empirical  modifications  are  needed  to 
obtain  more  accurate  agreement  between  measurements  and 
theory. 

In  this  work,  the  Liebe  and  Rosenkranz  models  are 
modified  to  optimally  adjust  the  line  strength,  line  width, 
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oxygen  strength  and  continuum  terms  in  the  20  to  30  GHz 
range.  The  water  vapor  absorption  coefficient  is  given  by. 


=  0.0419/2  [r^+r^+Te]  (D 

where,  Tl,  Ts  and  Tc,  refer  to  the  line  strength,  line  shape 
and  continuum  terms  and  are  given  by, 

Ti,  =  0.0 109  Q  e  0^  ^  exp(2.143(l  -  0))  (2) 

r,=-^[l/X  +  l/T] 

J  2 

with,  X  =  (/,-/)2+w2)  (3) 

L  =  (/,+/)'+>‘'^) 

Tc  =Cc(l.l3xl0"*epe2  +3.57xl0"2e2e’°^) .  (4) 

The  width  parameter,  w,  is  given  by, 

w  =  0.002784  +4.8  e  0' ' ) .  (5) 


In  the  above  equations,  0  denotes  the  temperature  ratio, 
300/T,  where  T  is  in  Kelvin,  p  denotes  the  dry  air  partial 
pressure,  and  e  the  water  vapor  partial  pressure,  both  in 
millibars.  The  oxygen  absorption  coefficient  is  a  copy  of  the 
Rosenkranz  1992  model  with  a  scalar  factor  Cx,  defined  as, 

^oxygen  =  ^R'92  ■ 

Equations  (l)-(6)  introduce  the  following  parameters; 
water  vapor  line  strength  Q,,  line  width  Cw,  continuum  Cc 
and  oxygen  strength  Cx-  This  modified  model  is  used  to 
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compare  the  radiosonde-derived  brightness  temperatures 
with  measured  water  vapor  radiometer  (WVR)  data. 


EXPERIMENT  DESCRIPTION 

The  experiment  consisted  of  the  collection  of  data  at  two 
National  Weather  Service  radiosonde  launch  sites.  These 
were  chosen  for  their  contrasting  (winter-San  Diego  (dry) 
and  spring- West  Palm  Beach  (humid))  natural  conditions  to 
provide  constraints  on  both  the  22.235  GHz  vapor  emission 
line  and  the  level  of  oxygen  emission  in  the  20-32  GHz 
interval. 

The  experiment  included  two  independently  calibrated 
WVR’s  which  provided  measurements  at  20.0,  20.3,  20.7, 
21.5,  22.2, 22.8, 23.5,  24.0  and  31.4  GHz.  Inter-comparison 
of  Tb  data  at  frequencies  common  to  both  instruments 
indicate  absolute  calibration  accuracies  of  about  0.5  K  [13]. 

At  both  sites,  radiosonde  data  were  obtained  from  the 
National  Climatic  Data  Center  (NCDC).  These  provided 
height  profiles  of  pressure,  air  temperature  and  dew  point 
temperature.  The  relative  humidity  was  derived  from  the 
temperature,  dew  point  and  air  pressure  information  using 
the  Goff-Gratch  formulation  [14]  for  saturation  water  vapor 
density. 


DATA  ANALYSIS  AND  RESULTS 

The  radiometer  data  was  averaged  over  one  half  hour  for 
the  times  corresponding  to  the  radiosonde  balloon  data 
launch.  This  was  then  used  as  the  ground  truth  for 
comparison  purposes  with  the  radiosonde  derived  Tb. 
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Fig.  1  Brightness  temperature  spectra  comparison  between 
radiometer  data  (WVR)  and  radiosonde-derived  data  with 
new  and  nominal  parameters  for  a  vapor  burden  of  2.9 
g/cm^. 


Fig.  2  Brightness  temperature  spectra  comparison  between 
radiometer  data  (WVR)  and  raiosonde-derived  data  with 
new  and  nominal  parameters  for  a  vapor  burden  of  2.3 
g/cm^. 


Fig.  3  Brightness  temperature  spectra  comparison  between 
radiometer  data  (WVR)  and  radiosonde-derived  data  with 
new  and  nominal  parameters  for  a  vapor  burden  of  1.3 
g/cm^. 


The  Tb  was  calculated  using  the  radiative  transfer 
integral  applied  to  the  balloon  profiles.  The  parameters  Cl, 
Cw,  Cc  and  Cx  were  estimated  using  the  Newton-Raphson 
iteration  method.  A  selection  of  Q,  =1.0,  C^r =1.0,  Cc  =1.2 
and  Cj-=1.0  yields  absorption  values  within  0.5%  of  Liebe’s 
(1987)  [8]  model  and  the  exact  Rosenkranz’s(1992)  [9] 
model.  These  are  referred  to  as  the  nominal  values  of  the 
parameters. 

The  NCDC  data  suffered  from  the  radiosondes  inability 
to  properly  measure  dew  point  temperature  for  levels  of 
relative  humidity  outside  a  range  of  22%  to  95%.  To  reduce 
this  effect,  a  50%  probability  factor  was  applied  to  relative 


1436 


humidity  values  outside  this  range,  i.e.,  the  relative  humidity 
is  set  to  11%  whenever  it  is  less  than  22%  and  to  50% 
whenever  it  is  higher  than  100%. 

Only  those  profiles  with  small  differences  between  Tb 
calculated  this  way  and  with  the  uncorrected  relative 
humidity  values  were  used.  The  retrieved  parameters  were 
found  to  be  Cl=1.058,  C«.=1.073,  Cc=1.281  and  Cj'=1.036, 
indicating  that  the  current  parameters  imderestimate  the 
emission  spectra  by  3  to  7  percent. 

Figs.  1-3  depict  plots  of  the  brightness  temperature  for 
three  climatological  conditions.  Each  graph  has  a  plot 
corresponding  to  the  model  with  the  nominal  values  of  the 
four  parameters  and  the  new  parameters.  Also  shown  are 
the  radiometer  measured  brightnesses.  The  plots  show  that 
the  new  estimated  parameters  agree  closer  to  the  WVR  data. 

The  rms  difference  between  modeled  and  measured  Tb 
was  reduced  by  32%,  from  1.56  K  to  1.06  K,  with  the  new 
parameters.  Sensitivity  analysis  shows  that  the  standard 
deviations  on  the  Q,  C^,  Cx  parameters  are  5%  or  less,  and 
8%  for  Cc  assuming  0.5K  noise  in  the  TB  data.  Correlation 
analysis  between  coefficients  shows  a  high  correlation 
between  the  errors  in  oxygen  and  the  continuum  terms. 
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Abstract —  Several  improvements  have  recently  been 
made  at  the  U.K.  Meteorological  Office  to  the  system  for 
deriving  temperature  and  water  vapour  soundings  from 
global  satellite  sounding  data  and  for  assimilating  them 
into  a  numerical  weather  prediction  model.  The  most 
significant  changes  include  the  assimilation  of  retrieved 
water  profiles  and  the  introduction  of  a  new  scheme  for 
extending  the  model  temperature  profile  to  the  upper 
stratosphere.  The  latter  involves  the  use  of  stratospheric 
sounding  channels  to  infer  upper  level  temperatures  and 
is  capable  of  producing  realistic  retrievals  even  when  the 
stratospheric  circulation  is  disturbed  and  the  model  anal¬ 
yses  poor.  This  is  illustrated  by  the  stratospheric  warm¬ 
ing  in  January  1995.  Care  is  required  to  ensure  that  the 
extrapolation  scheme  does  not  allow  any  positive  feedback 
within  the  overall  retrieval  system.  New  developments 
in  satellite  instrumentation  and  data  processing  promise 
further  benefits  from  satellite  sounding  data  in  the  near 
future  and  ensure  that  the  data  will  continue  to  play  an 
important  role  in  numerical  weather  prediction. 

I.  Introduction 

Vertical  temperature  and  water  vapour  profiles  derived 
from  satellite  sounding  data  have  been  produced  opera¬ 
tionally  at  the  U.K.  Meteorological  Office  for  many  years. 
Two  systems  are  in  use;  the  Local  Area  Sounding  System 
(LASS)  which  processes  data  received  locally  at  the  satel¬ 
lite  receiving  station  at  Lasham  in  southern  U.K.,  and 
the  Global  Sounding  System  (GLOSS)  which  processes 
global  120km  resolution  data  received  from  the  National 
Environmental  Satellite,  Data,  and  Information  Service 
(NESDIS)  in  the  U.S.A.  [1].  This  paper  describes  recent 
improvements  to  the  GLOSS  system. 

II.  The  GLOSS  retrieval  system 

The  data  received  from  NESDIS  consists  of  brightness 
temperatures  from  the  three  sounding  instruments  on  the 
NOAA  polar  orbiting  satellites;  the  High-resolution  In¬ 
frared  Radiation  Sounder  (HIRS),  the  Microwave  Sound¬ 
ing  Unit  (MSU)  and  the  Stratospheric  Sounding  Unit 
(SSU).  (See  [2]  for  a  description  of  the  spacecraft  and 


instrumentation.)  NESDIS  adjust  the  data  to  nadir  view 
and  also  adjust  the  MSU  data  to  unit  surface  emissivity. 
Where  possible,  the  elTect  of  clouds  is  removed  from  the 
HIRS  data  so  they  can  be  regarded  as  clear  sky  obser¬ 
vations  [3].  Locally  computed  bias  corrections  using  the 
method  described  in  [4]  are  applied  to  the  data  to  improve 
the  mean  fit  to  background  brightness  temperatures  com¬ 
puted  from  a  numerical  model  forecast. 

The  GLOSS  system  uses  an  iterative  non-linear  inver¬ 
sion  scheme  [5]  to  generate  vertical  temperature  and  hu¬ 
midity  profiles  from  the  satellite  measurements.  This  one¬ 
dimensional  scheme  is  the  first  of  two  steps  used  to  assim¬ 
ilate  the  data  into  the  Unified  Model,  the  Office’s  opera¬ 
tional  global  numerical  weather  prediction  model  [6].  The 
background  atmospheric  profile  used  for  this  step  is  taken 
from  the  model’s  six-hour  forecast.  The  second  step  con¬ 
sists  of  the  assimilation  of  the  vertical  profiles  into  the 
Unified  Model  and  is  performed  using  the  ’Analysis  Cor¬ 
rection’  scheme  developed  in  the  Meteorological  Office  [7], 
temperatures  at  all  levels  being  assimilated  over  the  sea 
and  sea  ice  but  only  at  lOOhPa  and  above  over  land. 

III.  Recent  changes  to  the  GLOSS  system 

Since  information  about  the  vertical  profile  of  water 
vapour  is  derived  mainly  from  three  HIRS  channels,  the 
vertical  resolution  is  very  limited.  In  addition,  these  chan¬ 
nels  provide  useful  data  only  in  cloud-free  (and  therefore 
relatively  dry)  areas  because  they  are  affected  by  clouds 
in  the  field  of  view.  In  spite  of  these  limitations,  experi¬ 
ments  in  which  water  vapour  profiles  were  assimilated  as 
well  as  teniperature  profiles  over  the  sea  indicated  a  small 
improvement  in  forecast  quality.  In  particular,  better 
verification  against  radiosonde  observations  was  achieved 
in  many  cases  through  alleviation  of  a  moist  bias  in  the 
model.  Similar  results  have  been  reported  from  other  cen¬ 
tres  [8]. 

A  second  improvement  to  the  GLOSS  system  described 
in  the  next  section  concerns  the  vertical  extrapolation  of 
the  background  temperature  profile.  Forecast  tempera¬ 
tures  from  the  operational  model  are  used  up  to  15hPa, 
but  in  order  to  use  the  SSU  data  and  highest  HIRS  chan¬ 
nels,  the  temperature  profile  must  be  extrapolated  to 
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O.lhPa.  Until  late  1994  the  extrapolation  method  used 
a  regression  scheme  in  which  temperatures  at  selected 
pressure  levels  from  lOOOhPa  to  15hPa  were  used  as  pre¬ 
dictors.  The  regression  coefficients  were  derived  using  a 
library  of  combined  radiosonde/rocketsonde  profiles  from 
NESDIS  and  were  applied  directly  to  model  forecast  pro¬ 
files.  However,  large  systematic  differences  between  ob¬ 
served  and  background  temperatures  for  the  SSU  chan¬ 
nels  were  observed  in  monthly  mean  fields  in  the  extra- 
tropical  regions.  Differences  with  a  similar  geographical 
pattern  though  smaller  in  magnitude  were  also  seen  in 
channels  whose  weighting  functions  included  the  upper 
troposphere. 

The  cause  of  the  differences  was  traced  to  poor  extrapo¬ 
lated  temperatures  in  the  upper  stratosphere:  on  one  day 
studied  in  detail  the  regression  produced  an  extrapolated 
profile  in  the  range  1-lOhPa  which  was  5-15K  colder  than 
the  mean  of  the  rocket  profiles  from  which  the  regression 
coefficients  had  been  derived.  Clearly,  the  climatology  of 
the  rocket  profiles  at  some  or  all  of  the  predictor  levels  was 
different  from  the  climatology  of  model  forecast  profiles. 

IV.  New  extrapolation 

To  overcome  the  problem,  a  new  extrapolation  scheme 
was  devised  in  which  no  model-derived  quantities  are  used 
cis  predictors.  The  best  alternative  information  on  the 
stratospheric  temperature  profile  is  then  provided  by  the 
satellite  data  itself  as  no  other  source  of  data  with  suf¬ 
ficiently  good  coverage  is  available.  Therefore,  although 
independent  data  would  have  been  preferable,  we  use  the 
observations  from  the  SSU  channels  and  a  few  high-level 
channels  from  the  other  instruments  as  predictors  in  a 
linear  regression  scheme. 

Using  the  NESDIS  rocket  data  as  typical  of  the  range 
of  atmospheric  states,  a  radiative  transfer  model  [9]  was 
used  to  compute  simulated  observations  of  the  predictor 
channels  for  each  profile.  Least  squares  regression  was 
then  used  to  produce  coefficients  which  gave  the  best  pre¬ 
diction  of  the  rocket  temperatures  at  stratospheric  levels 
from  these  simulated  observations.  The  regression  coef¬ 
ficients  are  used  in  GLOSS  to  produce  a  stratospheric 
temperature  profile  using  actual  observations  as  predic¬ 
tors.  This  is  added  to  the  top  of  the  forecast  profile  from 
the  model. 

Unlike  the  old  scheme  which  was  a  true  extrapolation 
in  the  sense  that  data  within  the  range  of  model  levels  was 
used  to  infer  data  outside  that  range,  the  new  scheme  is 
more  of  a  profile  ’estimation’  since  it  uses  as  predictors 
quantities  directly  influenced  by  the  temperatures  to  be 
inferred.  Thus  the  error  magnification  often  associated 
with  the  process  of  extending  data  beyond  its  range  of 
validity  is  reduced. 

With  the  new  scheme,  biases  between  mean  rocket 


and  mean  extrapolated  profiles  are  due  to  mean  differ¬ 
ences  between  observed  and  computed  brightness  tem¬ 
peratures.  These  are  much  smaller  than  the  differences 
between  rocket  and  forecast  temperatures  responsible  for 
the  poor  extrapolation  found  previously. 

It  is  tempting  to  refine  the  procedure  further  by  apply¬ 
ing  the  bias  correction  to  the  observations  before  using 
them  in  the  extrapolation  so  as  to  overcome  biases  in 
the  radiative  transfer  model.  This  does  indeed  help  to 
reduce  systematic  differences  between  observed  and  cal¬ 
culated  brightness  temperatures  but  it  has  other  unde¬ 
sirable  effects.  Since  the  extrapola.tion  forms  part  of  the 
background  profile,  and  the  background  profile  is  used 
in  the  derivation  of  the  bias  correction  coefficients,  us¬ 
ing  these  coefficients  in  the  extrapolation  procedure  com¬ 
pletes  a  feedback  loop.  Then,  as  the  bias  correction  coef¬ 
ficients  are  updated  each  month,  they  can  drift  to  a  state 
where  they  ensure  good  agreement  between  observations 
and  background  with  neither  being  very  representative  of 
reality.  Using  observations  in  the  extrapolation  without 
bias  correction  breaks  the  circuit  and  prevents  the  prob¬ 
lem  from  developing. 

V.  Stratospheric  warmings 

One  advantage  of  using  satellite  observations  as  pre¬ 
dictors  for  extrapolating  the  model  temperature  profile 
becomes  apparent  during  the  warmings  which  often  oc¬ 
cur  in  the  winter  stratosphere.  The  Unified  Model  has 
its  top  level  at  about  5hPa  and  uses  an  upper  boundary 
condition  of  no  vertical  motion  at  this  level.  It  therefore 
has  great  difficulty  in  representing  warmings  in  the  strato¬ 
sphere  since  they  are  symptomatic  of  large-scale  descent 
and  consequent  adiabatic  heating.  Of  course,  the  satellite 
observations  have  no  such  difficulty  so  that  their  use  as 
predictors  enables  the  background  profile  to  follow  strato¬ 
spheric  temperature  disturbances  regardless  of  how  well 
they  are  represented  in  the  model  forecast. 

An  example  of  a  stratospheric  disturbance  occurred  in 
January  1995  when  an  extensive  area  of  warm  air  devel¬ 
oped  over  northern  Siberia.  (GLOSS  profiles  were  not 
being  assimilated  operationally  at  that  time  but  the  NES¬ 
DIS  retrievals  were.)  The  numerical  analyses  showed  very 
little  rise  in  temperature  but  preserved  an  area  of  very 
cold  air  north  of  the  U.K.  Subsequently,  the  warm  air 
drifted  closer  to  the  area  of  the  model’s  cold  air  and  very 
large  differences  between  analysis  and  retrievals  occurred. 
The  few  radiosonde  data  in  the  area  supported  the  satel¬ 
lite  retrievals  rather  than  the  model  analyses.  The  dif¬ 
ferences  were  so  large  that  many  of  the  satellite-derived 
profiles  in  the  area  were  flagged  by  standard  quality  con¬ 
trol  procedures  and  therefore  not  assimilated.  Thus  they 
were  unable  to  correct  the  model  where  its  errors  were 
greatest  and  the  unrealistic  analyses  persisted  until  the 


1439 


stratospheric  circulation  returned  to  a  more  settled  state. 
As  well  as  poor  analyses  and  forecasts,  excessively  strong 
stratospheric  jets  have  sometimes  been  observed  at  such 
times  in  a  limited  area  version  of  the  operational  model 
sufficient  to  threaten  its  numerical  stability.  Although 
stability  can  be  restored  by  halving  the  model  timestep, 
the  forecast  then  uses  more  computer  resources  and  pro¬ 
duction  of  forecasts  is  delayed. 

VI.  Future  developments 

A  significant  step  forward  in  satellite  sounding  capa¬ 
bility  will  come  with  NOAA-K,  the  first  of  a  new  gen¬ 
eration  of  polar  orbiting  satellites  scheduled  for  launch 
in  the  near  future.  This  will  include  a  HIRS  instrument 
similar  to  the  current  operational  ones  and  two  new  mi¬ 
crowave  instruments  making  up  the  Advanced  Microwave 
Sounding  Unit  (AMSU).  Of  these,  AMSU-A  is  a  develop¬ 
ment  of  the  MSU  having  higher  horizontal  resolution  and 
more  channels  which  will  enable  more  vertical  detail  of 
the  temperature  profile  to  be  retrieved  in  cloudy  condi¬ 
tions.  AMSU-B  is  anew  5-channel  instrument  designed  to 
provide  more  detailed  information  on  the  atmospheric  wa¬ 
ter  vapour  profile  which  will  enable  usable  water  vapour 
profiles  to  be  derived  in  cloudy  areas  for  the  first  time. 
Data  from  this  instrument  should  also  enable  some  phys¬ 
ical  properties  of  clouds  to  be  inferred. 

In  the  longer  term,  radiances  measured  by  sounding 
instruments  will  be  assimilated  directly  into  numerical 
models  using  fully  three-dimensional  variational  methods 
without  the  need  to  produce  atmospheric  profiles  first. 
Such  techniques  are  currently  under  development  in  the 
Meteorological  Office  and  elsewhere  and  are  an  essential 
step  to  the  ultimate  goal  of  a  practical  four-dimensional 
assimilation  scheme.  Together  with  the  long-term  plans 
for  the  provision  of  polar  orbiting  satellites  by  the  U.S. 
and  European  space  agencies,  it  is  clear  that  satellite 
sounding  data  will  continue  to  be  a  major  component  of 
the  global  observing  system  in  the  foreseeable  future. 
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INTRODUCTION 

Study  of  the  mechanism  of  radiation  propagation  in  two- 
phase  media  (gas  and  solid  particles)  has  a  significant  number 
of  engineering.  These  include  radiative  and  combined  heat 
transfer,  direct  and  inverse  problems  in  spectroscopy  of 
scattering  medium,  heat  transfer  enhancement  in  thermal  and 
nuclear  engineering  and  metallurgy,  etc.  The  development  of 
modem  technology  and  enhancement,  some  ecology  problems 
have  aroused  a  growing  interest  to  radiative  transfer  in 
technical  and  natural  media. 

Of  special  interest  is  the  correct  registration  of  two-phase 
medium  gas  component  radiation  selectivity.  As  is  obvious 
from  the  experimental  and  theoretical  investigations  [1-4],  the 
scattering  of  radiation  tends  to  the  changing  of  contour 
outgoing  from  radiation  medium  and  thus  to  the  changing  of 
the  line  contour  averaged  absorption  coefficient  of  medium. 

Because  of  this  on  attempted  registration  of  radiation 
selectivity  in  finite  spectral  ranges  the  errors  result  up  to  50  %. 
Clearly  the  correct  registration  of  gas  component  radiation 
selectivity  can  be  carried  out  with  direct  integration  by  contour 
of  absorption  lines.  However  this  approach  has  the  following 
limitations:  a)  it  takes  a  lot  of  computer  time  and  leads  to  the 
loosing  of  result  efficiency;  b)  when  diagnosing  the  two-phase 
medium  the  spectral  range  averaged  characteristics  of 
radiation  are  measured  and  the  correct  determination  of 
medium  characteristics  is  impossible  without  an  account  of 
influence  of  scattering  processes. 

In  this  connection  the  authors  give  some  results  of 
investigation  on  influence  of  radiation  scattering  on  its 
transfer  in  two-phase  media  in  present  paper. 


MODELS  AND  RESULTS 

The  investigation  is  based  on  the  numerical  solution  of 
equation  of  radiation  transfer  in  homogeneous  plane  layer  of 
absorbing,  emitting  and  scattering  media  with  transparent 
boimdaries.  The  registration  of  scattering  anisotropy  is  carried 
out  in  transport  approximation.  Then  the  transfer  equation 
may  be  written  for  the  oriented  emissivity  of  medium  thus: 

/M-^^^^+(x  +  av)  /(/«,/)  =  +  (1) 

Here  /(/w,/)  is  the  oriented  emissivity  of  medium  in  point  / 
in  the  direction  of  m  =  COs(O)  (  (9  is  angle  between 


radiation  propagation  direction  and  axis  01  );  the 

respective  coefficients  of  medium  absorption  and  medium 
scattering;  a-  a  doubled  part  of  downward  radiation 
scattering  on  its  interaction  with  elementary  volume  of 
medium.  We  also  consider  the  Shuster’s  number 

w  =  ay !  {x-\-  ay^  and  optical  thickness  of  layer  by 

absorption  t  —  xL  ,  L-  geometric  thickness  of  layer. 

At  present  a  lot  of  reliable  methods  [5-7]  for  solution  of  the 
equation  (1)  are  known.  That  is  why  we  do  not  describe  the 
transfer  equation  solution. 

We  consider  the  dependence  of  the  oriented  emissivity  of 
layer  for  /w  =  1  on  its  optical  thickness  t  by  absorption  and 
part  of  scattering  w  (Fig.  1).  The  results  show  there  are  three 
ranges  for  t ,  which  differ  in  their  nature  of  influence  of 
scattering  part  w  on  emissivity  of  medium:  1)  /  <0.5  -  the 

ftinction  l(w^  is  increasing;  2)  0.5<  /  <  2  -  function 

l(w^  has  an  extremal  character;  3)  t  >  2  -  function  l{w^ 

is  decreasing.  The  same  situation  is  along  the  contour  of 
absorption  line.  The  values  t  and  w  are  varying  and 
correspondingly  the  emissivity  of  medium  along  the  line 
contour  and  the  average  emissivity  in  absorption  line  range 
are  varying. 


Fig.  1.  Influence  of  scattering  on  the  emissivity  of 
homogeneous  layer:  I  =  /(Lh^) 
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Fig.  2.  Distribution  of  medium  emissivity  along  absorption  line  contour:  a)  /r/]  =  0,1 ;  -  0,1 ; 

b)  [gld]^  0,05 ;  =  0,5  \c)[gld]  =  0,1 ;  =  50 , 


For  example  we  consider  the  medium  emissivity  for  the 
model  of  Elsasser  absorption  band  with  Lorent4an  line 
contour  [6].  In  this  case  the  optical  thickness  of  medium  takes 
the  form: 


(2) 


dzU  /  d]\sL  /  r/l)  =  ^ , 

''  '•  ^  d  chilpg!  d^-(X>s(lpz^ 

s,g  -  strength  and  half- width  of  absorption  line;  d  -  distance 

between  lines;  z  =  [(/-/(,)/<?]  -  frequency  parameter 

characterizing  the  distance  from  line  center  by  frequency 

=  3,1415... 


We  enter  next  parameters  into  the  consideration: 
a)  =  ^sLld^~  gray  optical  thickness  of  layer  by 

absorption;  b)  D  =  Joy  /  (ay  +  [■^  /  ^])]  '  Shuster’s 

number. 

When  solving  the  equation  (1)  along  the  absorption  line 
contour  (-0.5  <  z  <  0.5)  we  obtain  some  values  of  medium 


emissivity  /(z,[g/r/],f^ ,/)).  The  average  of  selective 
component  optical  thickness  by  absorption  line  contour  is  the 
value  to  =t(z^,[gld],t^)  such  that 


d\t,p)=  (z,[gld\t^,D)dz.  (3) 

-0,5 

One  can  see  from  the  equation  (3)  that 

h=toi[gld\t,,D). 

It  is  seen  from  equation  (2)  that  the  medium  optical 
thickness  varies  along  absorption  line  contour,  during  with  the 
variation  can  reach  some  exponents  depending  on  g!  d .  In 
accordance  with  this  the  value  of  local  Shuster’s  number 


varies  along  the  absorption  line  contour  too,  that  is  it 
decreases  toward  the  line  center.  With  the  regularities  of 
t  and  w  parameters’  influence  on  the  medium  emissivity  the 
possible  influence  of  scattering  on  outgoing  radiation  contour 
can  be  predicted  beforehand: 

1)  with  the  increasing  of  gray  Shuster’s  number  D  the 
emissivity  of  medium  can  increase  along  the  absorption  line 
contour.  (Fig.2(a)); 

2)  with  the  increasing  of  D  the  emissivity  of  medium  can 
decrease  in  the  center  and  increase  at  the  “wings“  of 
absorption  line.  (Fig.2(b)); 

3)  with  the  increasing  of  D  the  emissivity  of  medium  can 
decrease  along  the  absorption  line  contour.  (Fig.2(c)); 

The  line  contour  averaged  optical  thickness  of  selective 

component  /o(^)  varies  in  accordance  with  the  influence  of 

scattering  on  outgoing  radiation  contour.  The  indicated 
lunctions  can  be:  a)  decreasing  (Fig. 3 (a));  b)  increasing 
(Fig. 3(b));  c)  having  an  extremal  character  (Fig. 3(c)).  With 

this  the  varying  of  (£>)  can  be  quite  essential  and  reach  up 

to  50  %  and  more.  Consequently,  if  on  computing  the 
characteristics  of  radiation  transfer  in  finite  spectral  range  the 

function  ^o(^)  accounted  then  the  essential  errors  can 

be  obtained. 

Let  us  enter  into  the  consideration  the  errors  which  appear 
on  ignoring  the  influence  of  part  D  of  the  scattering 
processes  on  the  absorption  line  contour  averaged  optical 
thickness  of  selective  component: 

eAl(t„D)ll(l„D)]  Here  /j  -  an  average  optical 

thickness  of  selective  component  for  nonscattering  medium; 

-  an  average  optical  thickness  of  selective  component  for 
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Fig.  3.  Influence  of  gray  Shuster’s  number  on  the  line  contour  averaged  optical  density  of  medium; 
a)[g/t/]  =  0,l;t,=0,l;  b)[g/t/]  =  0,l  t„=3;  c)[g/c/]  =  0,01;/,  =3. 


scattersing  medium;  e  -  ratio  of  medium  emissivity 
computed  in  final  spectral  interval  with  the  calculation  of 
influence  of  scattering  on  the  contour  of  outgoing  radiation 
and  the  same  characteristic  obtained  without  the  calculation  of 
influence  of  scattering  part  on  the  line  contour  averaged 
optical  thickness  of  selective  component.  The  investigation 
shows  the  ignoring  of  influence  of  scattering  on  the  average 
optical  thickness  of  selective  component  can  lead  to  errors  up 
to  50  %  depending  on  “fine”  line  structure  parameters 
geometric  thickness  of  layer  and  part  of 

scattering  processes  (Fig.4). 


Fig.4.  The  errors  which  appear  when  ignoring  the  influence 
of  scattering  on  the  absorption  line  contour  averaged  optical 
tliickness  of  selective  component. 

-  [g/d]  =  0fi\;  t^=3. 


CONCLUSION 

The  results  show  the  influence  of  scattering  on  the  line 
contour  averaged  coefficient  of  medium  absorption  needs  to  be 
accounted.  The  approximating  formulas  which  connect  the 
average  coefficient  of  medium  absorption  with  parameters  of 
“fine”  line  structure  ([g  /  rf],[s  /  d\ ),  the  geometric  thickness  of 

medium  ( L )  and  the  part  of  scattering  processes  ( D )  can  be 
developed  for  various  models  of  absorption  bands. 
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Abstract  It  is  known  that  the  attenuation  ol  (jIccI  romag 
netic  waves  by  iiydrorneteors  in  the  atmosphere  may  result 
from  both  absorption  and  scattering,  (lej)ending  on  the  size 
and  shapes.  When  the  particles  arc  small  with  respect  to 
wavelength,  attenuation  is  considerably  simplified  for  small 
particles.  In  this  study,  the  attenuation  of  electromagnetic 
waves  in  millimeter  wavcle/igths  has  been  calculated  for 
isotropic  <liolectric  geometric  shapes  such  as  disc,  rod,  and 
sphere.  Modified  liayleigh-Gans  aj)j)roach  is  applied  for 
calculation  of  attenuation  due  to  geometric  shaj)es  whose 
physical  size  are  small  compared  lo  waveleugth 

INd'HODUCTION 


The  exact  solution  of  the  scattering  of  a  piano  wave  by 
isotropic,  homogeneo\is  sphere  was  obtained  by  Mic  in  1908, 
and  is  usually  called  the  Mie  Theory.  Mie  separated  the 
field  equations  into  groups,  one  is  transwerse  magnetic  and 
the  other  is  transwerse  electric.  By  matching  boundary 
conditions  at  the  surface  of  the  sphere,  he  obtained  the 
cross-sections  of  spherical  particles 

Rayleigh  developed  the  theory  of  scattering  of  electro 
magnetic  waves  by  simdl  particles  and  also  presenteil  an 
ap|)roximate  theory  for  particles  of  any  shapes  and  size 
having  a  small  relative  index  of  refraction.  Furth(‘r  com 
Iributions  were  made  by  Debye  in  I9lv^).  Then  years  later, 
Cans  redeiivod  the  scattering  formidas  for  a  liomog(uu*ous 
sphere. 

FORMUFATION  OF  \  \\E  FROHFFM 


A  plane  electromagnetic  wave  incident  on  an  arbitrarily 
oriented  dielectric  object.  'Flu^  phnie  wave  is  assunuul  to 
have  polarization  q  and  to  be  propagated  in  the  i  direc- 
tion,shown  in  Fig.  I,  then 


Where  A’o  is  the  magnitude  of  incident  wave,  ko  is  prop¬ 
agation  cofistant.  i  is  tlie  unit  vector  in  the  direction  of 
wave  propagation  whereas  g  is  the  vector  for  the  direction 
of  its  polarization. 


Fig.  I  (.Jeometry  for  aj)proximation 


Wlnui  tlie  particle  is  illuminated  by  a  plane  wave  prop¬ 
agation  in  the  direction  i,  scattering  direction  o  can  be  de¬ 
scribed  by  angles  Os,  4>s  measured  with  respect  to  cartesian 
coordinates  z  and  x  respectively.  It  is  necessary  to  express 
varifd)h!S  in  the  c<)ortlinates  of  reference  frame.  liCt  us  as¬ 
sume  x\  jt/^  and  2*  are  unit  vectors  in  the  primed  system, 
they  can  be  expressed  in  terms  of  tlie  reference  system  by 
using  Filler  angle  rotation.  By  using  ==  A{<f> ,  0 ,  x)'^° 
can  easily  obtain 

~  cos  (f)  am  sin  0  s\n  (j)^' cos  Oz^ 

ll('ro  matrix  A  can  be  thought  of  as  an  operator.  'Flic  ma¬ 
trix,  A,  is  acting  on  unpiimed  system  and  transforming  it 
into  the  primed  system.  'The  splu.rical  angles  of  incident 
wave  t?,  (/>  are  measured  with  respect  LC)  a  polar  axis  z  and 
X  res{)ect ivt‘ly.  For  incident  direction  [5,2] 
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i  ~ 


-sinOiX^  —  cos  diz^ 


By  considering  the  geometry  which  is  shown  in  Fig.l,  P 
can  be  chosen  in  coincidence  with  scattering  direction 
therefore,  we  can  write 


The  scattering  amplitude  for  homogeneous  and  isotropic 
scatterer, 


F(o,  i)  =  ^  J A  [o  A  E{f)]dV  (4) 

V 


where  ^(0,  i)  indicates  the  amplitude,  phase  and  polar¬ 
ization  of  the  scattered  field.  In  order  to  calculate  scatter¬ 
ing  amplitude,  we  have  to  know  the  value  of  field  inside  the 
scatterer.  Taking  the  axes  of  three  dimention al  scatterer  as 
and  (j)^  we  can  obtain  the  field  inside  the  scatterer 

as  [3] 


E  =  Ehh^ -\- ^  Eh -\- K  (5) 


where 

Eh  =  Ehr^  ^  Ehe^  ^  Eh^r  (6) 

Ey  =  E,rf"  -b  EysO^  +  Ey^r  (7) 

Eh  shows  the  field  inside  the  scatterer  for  horizontal  po¬ 
larization  whereas  Ey  indicates  the  field  inside  the  scatterer 
for  vertical  polarization.  Appliying  matrix  transformation, 
spherical  polar  unit  vectors  can  be  obtained  in  terms  of 
cartesian  coordinates. 


=  sin  9  cos  (l)x^  -}-  sin  0  sin  -h  cos  9^  (8) 


vec9^  ~  cos  9  cos  (px^  +  cos  9  sin  +  sin  9z^  (9) 


—  —  sin  -f  cos  (10) 


0^  =  sin  ^5  cos  ^x°  +  sin  ^5  sin  (j)^  -h  cos  9s^ 

(11) 

For  horizontal  components  of  field. 

Ehr  —  Eih  sin  9  sin  0 

(12) 

Ehe  =  Eih  cos  9  sin  <j) 

(13) 

Eh<p  —  Eih  cos  (j) 

(14) 

For  vertical  components  of  field. 

Eyr  =  Eiy  (sin  9i  cos  9  ~  cos  9i  sin  9  cos  (j)) 

(15) 

Eye  —  Eiy{—  cos  9i  cos  9  cos  <p  —  sin  9i  sin  9) 

(16) 

Ey^=.  Eiy  (cos  9i  sin  (j)) 

(17) 

By  using  polar  components  instead  of  cartesian  compo¬ 
nents,  horizontal  and  vertical  field  polarization  for  rotated 
dielectric  ellipsoid  will  be 

p  _  Eihr 

'*’■  [1  +  -  1)^.] 

(18) 

E  - 

[1  +  _  1)(19)^,] 

(20) 

p  _ 

(21) 

where  a,  b,and  c  are  the  axes  of  ellipsoid.  By  changing 
the  values  of  L[2],  we  can  find  internal  field  for  any  shape. 
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P{er  -  l)Eih 


47r 

.2  /}„•  2 


(sin"^  ^sin^  (j) 


1 


-hsin^  (^cos"^  9 
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Vertical  amplitude  function,  Ky, 


Ky 


P{er  -  l)Eiy 
47r 

[(—  cos  6i  sin  9  cos  (j)  -f  sin  9i  cos  9)^ 
1 

1  +  Li{€r  —  1) 

-|-(cos  9i  COS  9  cos  (j)  +  sin  9i  sin  9)^ 

1 

1  4-  L2{^r  —  1) 

-|-(cos  9i  sin  (j>)^ 

- - - ] 

l  +  Lsier-iy 

Vp 


(23) 


When  Kh  and  Ky  are  known  the  attenuation  may  be 
calculated  by  changing  L^s  value.  Attenuation,  Ay^h  is  eval¬ 
uated  by 


=  8.686/m(/£:„,/,10®c?B/fcm  (24) 
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Abstract  -  The  purpose  of  the  JPL  Wind  Radiometer 
program  is  to  develop  and  demonstrate  low  cost  instruments 
for  remotely  measuring  ocean  wind  vectors  from  space.  The 
microwave  emission  from  the  ocean  surface  is  elliptically 
polarized  and  the  degree  of  polarization  and  an^e  is  a 
function  of  the  surface  wind  speed  and  direction.  JPL  has 
developed  a  set  of  microwave  polarimetric  radiometers  at  19 
and  37  GHz  (WINDRAD),  which  have  been  used  on  the 
NASA  DC-8  aircraft  for  remote  measurements  of  ocean 
surface  wind  vectors.  A  summary  of  all  the  ocean 
polarimetric  data  vs.  wind  speed  and  incidence  angle  from 
three  flights  in  1994  and  eight  flights  in  1995  is  presented. 
These  data  show  clear  wind  direction  signals  at  wind  speeds 
from  3  to  24  m/s  and  incidence  angles  of  45*  to  65*. 

INTRODUCTION 

Global  mapping  of  near  surface  ocean  winds  is  crucial  for 
many  meteorological,  oceanographic  and  atmospheric 
studies.  In  the  past  from  Seasat,  ERS-1,  to  the  present 
development  of  NASA's  Scatterometer  (NSCAT,  to  be 
launched  in  1996),  spacdrome  wind  radars  have  been  the 
only  instruments  to  provide  a  global  monitoring  of  ocean 
surface  wind  vectors  with  frequent  and  adequate  temporal- 
spatial  coverage.  The  principle  of  wind  scatterometiy  is 
based  on  the  fact  that  electromagnetic  backscatter  varies 
periodically  as  a  function  of  the  azimuthal  angle  between  the 
wind  direction  and  the  radar  look  direction.  This  is  because 
the  water  ripples  (capillaries)  induced  by  ocean  wind  are 
smoother  in  the  crosswind  direction  and  rougher  in  the  up- 
or  downwind  direction.  Recently  however,  experimental 
observations  and  analysis  [Etkin  et  al.,  1991;  Wentz,  1992; 
Yueh  et  al.,  1995]  have  shown  that  the  directional  features  of 
water  ripples  also  cause  the  emitted  thermal  radiation,  or  the 
radiometric  brightness  temperatures,  to  be  elliptically 
polarized.  The  degree  of  polarization  and  angle  is  a  function 
of  the  surface  wind  speed  and  direction  and  will  cause  the 
brightness  temperature  to  vary  over  azimuth  angles  by  a  few 
degrees  Kelvin.  This  azimuthal  dependence  of  brightness 
temperatures  thus  make  it  possible  for  passive  microwave 
radiometers  to  provide  both  wind  speed  and  wind  direction 
measurements  over  the  ocean  surface. 

0-7803-3068-4/96$5.00©1996  IEEE 


JPL  has  had  a  strong  interest  in  measuring  wind  vectors 
from  space  and  has  been  responsible  for  developing  the 
NASA  scatterometer  instruments  NSCAT  and  SEAWINDS. 
When  it  was  discovered  that  a  passive  radiometer  instrument 
could  be  2-5  time  less  expensive  than  a  scatterometer 
instrument,  JPL  began  a  program  to  study  this  technique. 
This  program  included  the  development  of  19  GHz  and  37 
GHz  polarimetric  radiometers  (WINDRAD)  which  have 
been  used  on  the  NASA  DC-8  aircraft  to  study  this 
technique.  Fifteen  (15)  successful  Wind  radiometer  aircraft 
flights  have  been  made  since  November  1993  —  four  in 
1993,  three  in  1994  and  eight  in  1995.  These  data  show  that 
there  is  a  clear  wind  direction  signal  at  wind  speeds  from  3 
to  24  m/s  and  incidence  angles  from  45®  -  65®  . 

A  set  of  measured  19-  and  37-GHz  polarimetric  data  taken 
on  April  17,  1995  at  moderate  wind  speed  is  shown  in 
Figure  1  for  45°  incidence  angle.  Data  are  plotted 
continuously  in  azimuth  angle  with  increments  of  360® 
added  for  each  additional  circle  flight  around  the  NDBC 
buoy  46005  located  off  the  Oregon  coast  (These  data  are 
typical  of  the  aircraft  data  with  wind  speeds  fix>m  3  to  14 
m/s.)  The  top  curve  is  the  vertical  polarization  (  Tv ),  the 
second  is  the  horizontal  polarization  (  Th  ),  the  third  is  the 
second  Stokes  parameter,  Q  (  =  Ty  -  Th ),  and  the  fourth 
curve  is  the  third  Stokes  parameter,  U  (  =  T4S  -  T.45 ),  The 
instrument  noise  is  <0.05  K.  Thus,  all  the  “noise”  on  the 
data  is  from  the  atmosphere  or  ocean  surface.  Note  that  in 
clear  weather  the  19-  and  37-GHz  signals  have  similar 
amplitudes,  which  shows  that  the  wind  signals  have  a  broad 
frequency  range. 

At  45®  incidence  angle,  the  Th ,  Q  and  U  azimuth  signals 
have  a  strong  second  harmonic  component  -  peaks  in  the 
upwind  and  downwind  directions.  The  Q  azimuth  signal 
has  even  symmetry  [  cos  (AZ)  ]  about  the  wind  direction, 
with  the  upwind  direction  having  the  largest  value.  The  U 
azimuth  signal  has  odd  symmetry  [  sin  (AZ)  ]  and  has  a  90® 
azimuth  phase  difference  relative  to  the  Q  signal.  This 
suggests  that  there  will  be  excellent  ambiguity  selection  skill 
in  estimating  wind  direction.  Also  notice  that  the  U  data  has 
significantly  less  “atmospheric  noise”  than  the  Ty ,  Th ,  and 
Q  data,  especially  near  -630®  azimuth.  The  fact  that  the  U 
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Figure  L  Measured  19  and  37  GHz  polarimetric  data  on  April  17,  1995,  as  a  function  of  azimuth  angle  for  an  incidence 
angle  of  45  ° .  The  wind  speed  was  9,6  m/s  at  5  m  height,  the  direction  was  282“,  and  the  weather  was  scattered  clouds.  Ty  is 
the  vertical  polarization,  Th  is  the  horizontal,  Q  is  their  difference  ( Ty  -  Th ),  and  U  is  the  difference  between  T+45  and 
Notice  the  90°  phase  difference  in  azimuth  between  Q  and  U.  Data  are  plotted  continuously  in  azimuth  angle  with 
increments  of  360°  added  for  each  additional  circle  flight  around  the  NDBC  buoy  46005.  The  37  GHz  Ty  and  Th  have  been 
plotted  using  an  offset  of  -12.0  and  -18.2  K  respectively,  for  ease  of  comparison. 


azimuth  signal  is  more  insensitive  to  clouds,  suggests  that  it 
will  be  possible  to  use  this  signal  for  wind  direction 
measurements  even  with  moderate  cloud  cover.  Aircraft 
polarimetric  measurements  have  also  been  made  at  incidence 
angles  of  55°  and  65°. 

A  summaiy  of  the  1994  and  1995  polarimetric  U  azimuth 
data,  with  low  atmospheric  attenuation,  is  shown  in  Figure 
2.  This  plot  shows  the  peak-to-peak  azimuth  signal  for  the 
U  Stokes  parameter  vs.  wind  spe^  for  the  45°,  55°  and  65° 
incidence  angles.  It  is  likely  that  the  scatter  in  the  data  is 
mainly  due  to  errors  in  the  reported  buoy  wind  speed  due  to 
time  and  location  differences. 

These  summaries  show  that  the  45°  incidence  angle  azimuth 
data  has  the  largest  peak-to-peak  signal  and  has  detectable 
signals  for  wind  spe^  above  3  m/s.  The  55°  incidence 
angle  data  has  a  lower  signal  amplitude  and  would  be 
detectable  only  for  winds  above  4-5  m/s.  At  wind  speeds  >  5 
m/s,  the  65°  incidence  angle  data  only  has  a  first  harmonic. 


and  its  peak-to-peak  amplitude  is  lower  by  a  factor  of  ^2 
from  the  45°  incidence  angle  The  amplitude  of  this  data  goes 
through  zero  near  5  m/s  and  shows  a  strong  second 
harmonic  component  for  winds  <  5  m/s.  The  65°  incidence 
angle  data  is  also  more  sensitive  to  the  atmospheric 
attenuation  because  of  the  longer  path  through  the 
atmosphere. 

These  aircraft  results  show  that  passive  polarimetric 
radiometers  have  a  strong  potential  for  global  ocean  wind 
measurements.  The  aircraft  measurements  and  the  analysis 
of  the  data  have  also  narrowed  the  instrument  parameters  for 
a  spacebome  radiometric  sensor  for  measuring  wind  vectors. 

The  next  step  will  be  to  demonstrate  this  instrument  in 
space,  to  show  how  well  it  will  measure  wind  vectors  under  a 
wide  variety  of  wind  and  weather  conditions. 

This  research  was  carried  out  by  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  under 
contracts  with  the  National  Aeronautics  and  Space 
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Administration  and  the  National  Polar-oibiting  Operational 
Environmental  Satellite  System  Integrated  Program  Office. 
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Figure  2.  Summary  of  the  peak-to-peak  U  azimuth  signal  data  vs.  wind  velocity  for  the  1994  and  1995  WINDRAD  data. 
The  negative  values  in  the  65“  incidence  angle  data  <5  m/s,  represent  a  180  phase  shift  from  the  >5  m/s  data. 


1449 


SURFACE  AND  AIRBORNE  RADIOMETRIC  OBSERVATIONS  DURING 
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Abstract-Radiometric  observations  obtained  during  the 
September  1995  Coastal  Oceans  Probing  Experiment  are 
presented.  The  radiometric  goals  of  the  experiment  included  the 
determination  of  the  accuracy  of  polarimeters  in  measuring 
ocean  wind  speed  and  direction,  the  study  of  the  frequency  and 
angular  response  of  microwave  radiometers  to  wind  and  internal 
waves,  and  the  comparison  of  radiometric,  polarimetric,  and 
scatterometric  response  to  the  ocean  surface.  Observations 
include  those  from  a  scanning  5 -mm- wavelength  radiometer 
deployed  on  the  RA^  FLIP,  a  blimp-borne  dual-channel 
radiometer  at  23.87  and  31.65  GHz,  and  a  blimp-borne  37-GHz 
polarimeter.  Ground  truth,  to  which  these  observations  can  be 
compared,  was  obtained  from  FLIP  data  and  includes  wind 
speed  and  direction  and  atmospheric  stability. 

INTRODUCTION 

During  September-October  1995,  the  Environmental 
Technology  Laboratory  (ETL)  organized  the  Coastal  Oceans 
Probing  Experiment  (COPE)  off  the  Oregon  coast.  The 
principal  objectives  of  the  study  were  to  observe  the  signatures 
of  the  ocean  surface  with  radars,  lidars,  and  radiometers,  and  to 
correlate  these  signatures  with  in  situ  measurements.  The  in  situ 
observations  were  primarily  taken  from  the  Floating  Instrument 
Platform  (FLIP),  a  research  vessel  operated  by  the  Scripps 
Institute  of  Oceanography.  Microwave  radiometric  and 
polarimetric  observations  were  taken  from  a  blimp,  while  two 
microwave  radiometers  were  operated  on  FLIP.  Other  blimp- 
mounted  instruments  included  an  X-band  scatterometer,  an 
altimeter,  a  Global  Positioning  System  (GPS)  receiver,  and  an 
infrared  thermal  imager,  all  operated  by  the  University  of 
Washington. 

ETL  blimp  instruments  included  a  37-GHz  polarimeter  that 
measured  the  first  three  Stokes  parameters,  a  dual-frequency 
radiometer  at  23.87  and  31.65  GHz,  orthogonally  polarized 
infrared  radiometers  at  10.6  pm,  and  a  video  camera.  All  of  the 
ETL  instruments  could  be  scanned  in  both  elevation  and 
azimuth,  and  viewed  approximately  the  same  area  on  the  ocean 
surface  with  coordinated  scans.  The  goals  of  the  radiometric 
study  were  to  determine  the  accuracy  to  which  wind  direction 
could  be  measured  by  polarimeters,  to  determine  the  frequency 
and  angular  response  of  microwave  radiometers  to  wind  and 
internal  waves,  to  study  the  effects  of  cloud  and  rain  on  the 
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observations,  and  to  compare  radiometric  and  scatterometric 
observations. 

Both  a  rapidly  scanning  5-mm  radiometer  and  a  dual-channel 
Water  Vapor  Radiometer  (WVR)  were  operated  from  FLIP. 
The  5-mm  radiometer  was  used  to  measure  air-sea  temperature 
difference,  as  well  as  low-altitude  temperature  profiles,  and  the 
WVR  measured  integrated  amounts  of  water  vapor  and  cloud 
liquid.  Observations  with  the  5-mm  radiometer  and  the  WVR 
radiometers  are  used  to  compare  with  blimp  and  in  situ 
measurements  taken  under  a  variety  of  atmospheric  and  oceanic 
conditions. 

The  blimp  that  was  operated  during  COPE  was  rented  from 
a  commercial  firm,  LTA  USA,  based  in  Eugene,  Oregon,  and 
was  an  ideal  platform  for  this  experiment.  During  a  typical 
flight,  a  pilot  and  three  scientific  personnel  were  on  board.  The 
payload  of  1600  lbs.  was  sufficient  to  carry  the  crew  and  the 
scientific  equipment.  Typically,  a  transit  time  of  about  an  hour 
was  needed  to  fly  from  the  runway  in  Tillamook,  Oregon,  to  the 
FLIP  site,  although  winds  were  not  always  favorable.  Over 
the  ocean,  our  observation  altitudes  ranged  from  150  to  500  m, 
and  were  known  to  at  least  10  m.  The  range  of  surface  speeds 
varied  from  0  to  about  10  m  s‘*;  the  lower  speeds  allowed  one  to 
hover  over  a  feature  of  interest. 

INSTRUMENTATION  AND  TYPICAL  RESULTS 
Scanning  5-mm-Wavelength  Radiometer 

A  rapidly  scanning  5-mm-wavelength  radiometer  (scanning 
rate  =1.3  Hz)  was  deployed  on  RfV  FLIP.  The  primary 
purpose  of  the  radiometer  was  to  measure  air-sea  temperature 
difference  and  to  provide  temperature  profiles  to  an  altitude  of 
about  300  m.  In  particular,  this  instrument  provides  the 
continuous  measurements  of  atmospheric  stability  that  are 
necessary  for  the  interpretation  of  both  radar  and 
radiometric/polarimetric  observations  of  the  ocean  surface  [1,2]. 
As  examples  of  raw  radiometer  data,  in  Figs.  1  and  2  we  show 
angular  scans  during  unstable  and  stable  conditions.  Here, 
we  measure  angles  from  the  nadir,  i.e.,  90°  is  the  horizontal 
direction.  Note  the  completely  different  angular  profiles 
between  the  unstable  (Fig.  1)  and  the  stable  (Fig.  2) 
profiles.  Independent  in  situ  measurements  verified  the 
stability  characteristics  of  the  profiles;  in  particular,  the  air-sea 
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Fig.  1.  One-hour  averages  of  scanning  5-mm-wavelength 
radiometer  data  (K)  as  a  function  of  angle  from  the  nadir. 
Data  taken  during  unstable  conditions  on  RA^  FLIP  of  the 
Oregon  coast,  September  19,  1995.  Times  are  given  in  UTC. 
A  constant  offset  has  been  subtracted  from  the  data. 
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Fig.  2.  One-hour  averages  of  scanning  5-mm-wavelength 
radiometer  data  (K)  as  a  function  of  angle  from  the  nadir. 
Data  taken  during  stable  conditions  on  RA^  FLIP  of  the 
Oregon  coast,  September  21,  1995.  Times  are  given  in  UTC. 
A  constant  offset  has  been  subtracted  from  the  data. 


temperature  difference  reached  6°C  on  day  264.  Initial 
quantitative  results  obtained  by  this  radiometer  during  COPE 
are  given  by  Trokhimovski  et  al.  [3,4]. 

Blimp-Borne  Dual-Frequency  Radiometer 

ETL  developed  and  deployed  a  dual-channel  radiometer  at 
23.87  and  31.65  GHz  in  the  San  Clemente  Ocean  Probing 
Experiment  [5]  and  the  Verification  of  the  Origins  of  Rotation 
in  Tornadoes  Experiment  [6]  from  aircraft  platforms.  The  two 
frequencies  share  a  common  antenna  (offset  parabola),  have 
equal  beamwidths  (3.6°  half-power  beamwidth),  and  are 
orthogonally  polarized.  Each  channel  has  a  double-sideband 
receiver  with  a  total  bandwidth  of  1  GHz  resulting  in  a 
measured  1-s  rms  sensitivity  of  0.064  K.  During  aircraft 
deployment,  observations  are  obtained  from  a  fixed  angle 
relative  to  the  aircraft.  During  COPE,  the  blimp  installation 
involved  a  specially  constructed  platform  that  allowed  both 
complete-azimuthal  and  partial-elevation  angle  scanning.  The 
elevation  angle  scans  were  limited  by  obstructions  from  the 
blimp  and  were  conducted  from  about  20°  from  nadir  to  about 
50°  in  elevation.  Another  substantial  difference  from  our 
previous  aircraft  deployments  was  the  increased  time  that  can  be 
spent  from  a  blimp  viewing  a  scene  or  a  limited  area  on  the 
surface.  For  example,  at  times,  almost  stationary  positions  were 
obtained. 


Atmospheric  scanning,  i.e.,  scanning  at  elevation  angle  angles 
greater  than  0°,  was  useful  in  two  ways.  In  the  first,  scanning 
through  a  range  of  air  mass  values  permitted  the  "tip  cal" 
technique  [7]  to  be  used  for  absolute  calibration  of  the 
radiometer.  Second,  the  measured  atmospheric  brightness 
temperatures  Tb  could  be  used  to  provide  information  on  the 
downwelling  radiance  scattered  from  the  ocean  surface.  In 
addition,  these  measurements  could  also  be  converted  into 
columnar  amounts  of  vapor  and  liquid  [8]  from  which  radiance 
at  other  window  frequencies  can  be  calculated.  Fig.  3  shows 
angular  scanning  data  during  clear  conditions.  Note  that  Tb's  at 
23.87  GHz  are  generally  warmer  than  those  at  3 1 .65  GHz.  For 
angles  from  the  nadir  up  to  0°,  this  behavior  is  consistent  with 
the  increased  emissivity  at  vertical  polarization,  as  predicted  by 
the  Fresnel  equations;  for  elevation  angles  greater  that  0°,  the 
increase  is  due  to  the  stronger  clear-air  atmospheric  component. 
Emission  from  clouds,  especially  scattered  clouds,  will 
complicate  this  simple  situation. 

Blimp-Borne  37-GHz  Polarimetric  Radiometer 

This  instrument  was  designed  by  V .  Leuskiy  of  the 
P.N.  Lebedev  Physical  Institute,  Moscow,  Russia,  and  was 
provided  to  ETL  for  use  on  COPE.  The  polarimeter  and  the 
dual-frequency  radiometer  shared  adjacent  platforms  on  the 
blimp  so  that  coordinated  elevation  and  azimuthal  scans  could 
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Fig.  3.  Brightness  temperatures  at  23.87  and  31.65  GHz  as  a 
function  of  angle  from  the  nadir  taken  from  a  blimp  at 
an  altitude  of  300  m  near  RA^  FLIP  off  the  Oregon  coast  on 
September  22,  1995. 


be  performed.  The  polarimeter  measured  polarized  emission  at 
the  radiometer  angles  of  0°  and  ±45°  with  a  corrugated  horn 
whose  3-dB  beamwidth  was  6.0°.  The  receiver  was  a  double¬ 
sideband  type  with  a  frequency  range  of  0.1  to  1.1  GHz  on  each 
side  of  the  local  oscillator  frequency.  Using  a  measured 
radiometer  noise  temperature  of  500  K  and  a  target  temperature 
of  298  K,  the  measured  and  calculated  1-s  sensitivities  were 
0.02  and  0.018  K. 

Fig.  4  shows  azimuthal  scans  observed  by  the  polarimeter  at 
an  angle  from  the  nadir  of  22°;  temporal  averages  of  10  min 
were  used  for  these  illustrations.  The  solid  curves  are  produced 
by  least-squares  fits  of  the  form 

Tb{^)  =  Bo+B,cos((j)-(l)j)  +  B2COs(2(|)-<j)2)  , 

where  (j)  is  the  azimuth  angle.  The  sea  surface  wind,  as 
observed  independently  from  FLIP  at  an  altitude  of  17  m,  had 
a  speed  of  7.8  m  s'*  at  270°.  The  atmospheric  conditions  were 
cloudy.  Figs.  4a,b  show  vertical  Tbiy)  and  horizontal  Tb{h) 


so 
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Fig.  4.  Brightness  temperatures  as  measured  by  a  blimp-borne  37-GHz  polarimeter  at  an  angle  from  the  nadir  of  22°. 
(a)  Tb  at  vertical  polarization,  (b)  Tb  at  horizontal  polarization,  (c)  Second  Stokes  component,  (d)  Third  Stokes  component.  The 
measured  wind  speed  at  17  m  was  7.84  m  s  ‘  from  the  direction  of  270°.  Clouds  were  present. 
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brightness  temperatures  as  a  fiinction  of  (|).  As  expected,  Tb(v) 
and  Tb(h)  are  out  of  phase  by  90°  with  Tbiw)  having  its 
maximum  in  the  upwind  direction  at  270°.  It  is  believed  that 
some  of  the  scatter  in  the  data  is  due  to  reflected  emission  from 
clouds.  However,  the  second  [- Tb(v)  -  Tb(h)]  and  third 
[  =  ( + 45  ° ) »  T&  ( -45  ° )]  Stokes  vectors  are  much  less  affected 
by  clouds,  as  seen  in  Figs.  4c, d.  In  addition,  the  anisotropy 
between  up-  and  downwind  directions  is  observed  by  maximum 
Tb  differences  of  about  2.5  K.  Further  examples  of 
polarimetric  and  radiometric  signatures  of  the  ocean,  as 
observed  from  the  blimp  platform,  are  given  by  Irisov  and 
Trokhimovski  [9,10]. 

DISCUSSION  AND  CONCLUSIONS 

The  unique  advantages  of  a  blimp  as  a  radiometric  platform 
were  exploited  during  COPE.  Using  dual-frequency  and 
polarimetric  radiometers,  the  angular  dependence  of  emission 
from  a  variety  of  ocean  and  atmospheric  conditions  was  studied. 
Azimuthal  angular  signatures  were  clearly  evident  in  the  data, 
were  consistent  with  theory,  and  provide  further  evidence  that 
measurements  of  polarized  emission  can  determine  wind  speed 
and  direction.  Also  of  interest  are  the  observations  of  internal 
waves  by  blimp-borne  polarimeters  [10]. 

The  scanning  5-mm  radiometer  also  provided  accurate  and 
high  temporal  resolution  measurements  of  the  air-sea 
temperature  difference  [3,4].  Work  is  still  in  progress  to  derive 
low-altitude  (<~300  m)  temperature  lapse-rate  profiles.  Other 
work  in  progress  is  the  analysis  of  data  from  the  dual-channel 
radiometer  aboard  FLIP,  These  data  will  be  used  to 
characterize  better  the  downwelling  radiation  that  was  scattered 
from  the  ocean  surface  and  observed  by  blimp-borne 
radiometers. 
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Abstract 

Radiometric  near  surface  wind  measurements  are 
foimded  on  polarization  anisotropy  of  the  thermal 
microwave  emission  from  ocean.  Physical  reasons  for 
such  an  anisotropy  for  nadir  observations  were  revealed 
in  SRI  RAS,  in  1978-1979  first  theoretically  and  then 
expeiimentaUy  (the  so-called  “critical  phenomena”). 
The  method  for  wind  speed  and  direction  measurements 
developed  in  the  Space  Research  Institute  is  based  on 
nadir  radiometer-polaiimeter  observations.  This  method 
provides  the  accuracy  of  the  wind  speed  measurements 
better  than  2  m/s,  or  twice  as  high  if  parameters  of 
lower  atmosphere  stability  are  known.  Nadir-looking 
surface  wind  measurements  demonstrated  their 
efBciency  during  long-term  Russian  experiments  in  the 
Barentz  sea,  in  North-West  Pacific  (near  Kamchatka 
and  Sakhalin)  and  during  Joint  US-Russia  Experiment 
(JUSREX-92)  in  Atlantic,  near  New  York  coast. 
Experimental  airborne  system  included  polarimetric 
radiometer  at  13.3;  20.0,  and  35  GHz  and  radiometers 
at  1.6;  3.6;  5.0;  22  and  37  GHz.  Polarimetric  nadir¬ 
looking  ra^ometer  IKAR-N  (frequency  13.33  GHz) 
developed  by  SKB  of  IRE  RAS  is  to  be  launched  on 
MIR-PRIRODA  module  in  the  spring  1996. 
Multifrequency  and  multibeam  radiometric-polarimetric 
system  PARK  was  developed  in  SRI  RAS  for  another 
spacecraft  of  ALMAZ  series.  Such  a  system  at 
frequencies  5.0;  13.3;  20  and  35  GHz  is  supposed  to 
form  8-16  beams  using  light  lowloss  metal  -  ceramic 
Luneberg  lens.  The  lens  provides  panoramic  image  of 
the  sea  surface  without  scanning.  Sensitivity  of  PARK 
system  within  a  resolution  element  is  3-4  times  higher 
that  of  scanning  system. 

1.  Retrieval  of  Surface  Wind  Parameters  firom 
Polarimetric  Data 

Surface  wind  speed  is  a  cracial  parameter  of 
atmosphere  and  sea  surface  interaction.  Wind  speed 
measurements  are  essential  for  the  needs  of  marine 
transport,  meteorology,  etc.  Besides,  data  on  near 


surface  wind  vector  may  be  used  to  correct  data  on 
other  parameters  of  the  atmosphere-ocean  system,  above 
all,  sea  surface  temperature  [1]. 

Theoretical  and  experimental  studies  conducted  in  the 
SRI  RAS  under  the  supervision  of  Prof  V.  Etkin  back 
1978-1979  [2,3]  promoted  the  method  for  determination 
of  surface  wind  speed  vector  from  the  sea  thermal 
emission  polarization  elhpse.  An  updated  theory  of 
critical  phenomena,  responsible  for  polarization 
anisotropy  of  the  sea  thermal  microwave  emission,  is 
outlined  in  Ref  [4,5]. 

The  directional  anisotropy  of  wind-generated  tipples 
gives  rise  to  the  polarizational  anisotropy  of  thermal 
microwave  emission  at  nadir  view  angle.  The  major  axis 
of  polarization  ellipse  coincides  with  wind  direction.  The 
value  of  anisotropy  ATa,  i.e.  the  difference  in  brightness 
temperatures,  corresponding  to  major  and  minor  axes  of 
the  ellipse,  depends  mainly  on  wind  speed.  Practical 
algorithms  for  wind  vector  parameters  retrieval  from 
polarimetric  data  were  reported  before  [1]. 

Atmospheric  attenuation  of  microwaves  reduces  the 
value  ATfl,  so  wind  speed  under  cloudy  conditions  is 
underestimated.  To  compensate  for  this  attenuation,  the 
value  of  absolute  brightness  temperature  measured  by 
the  radiometer  may  serve  as  an  indicator  of  the 
attenuation  factor.  Our  recent  investigations  have 
demonstrated  that  wind  speed  dependence  differs  for 
various  states  of  atmospheric  boundary  layer  stability. 
The  stability  correction  of  wind  speed  retrieval  algorithm 
allows  to  almost  double  the  accuracy  [6]. 

2.  Airborne  Radiometers 

The  experiments  with  airborne  instruments  have  some 
advantages  over  spacebome  ones,  as  they  usually  are 
carried  out  under  well  controlled  environmental 
conditions. 

Airborne  radiometric  system  developed  by  SRI  RAS 
[7,8]  incorporates  a  set  of  radiometers  in  the  wavelength 
range  from  0.8  to  21  cm,  with  serrsitivity  from  0.05  to 


0-7803-3068-4/96$5.00©1996  IEEE 


1454 


0.15  K/s  (integration  time  t=1  s).  Among  these  are 
radiometer-polaiimeteis  intended  for  remote 
measurements  of  polarization  characteristies  of  thermal 
mieiowave  emission  [9].  Such  a  radiometer  can  measure 
thermal  emission  at  several  linear  polarizations  using  the 
controlled  ferrite  gyrator.  This  allows  to  reconstruct  the 
polarization  ellipse  of  microwave  emission. 

3.  Airborne  experiments 

First  nadir-looking  measurements  of  microwave 
polarization  anisotropy  of  sea'  surface  waves  were 
performed  as  early  as  1979  [10].  Later  similar 
experiments  were  cared  out  in  North-West  Pacific  [11], 
in  the  Barentz  Sea  and  in  North  Atlantic  during 
JUSREX-92  experiments  [5,6].  During  these 
experiments  airborne  polarimeters  were  applied  to 
establish  the  polarizational  anisotropy  dependence  on 
surface  wind  and  other  meteorological  and  hydrological 
factors.  An  example  of  polarimeter  signal  record  (on 
Aug.  23,  1988,  in  North-Western  Pacific)  is  presented  at 
Fig.l. 

As  a  result  of  more  than  50  such  circular  flights,  the 
anisotropy  versus  wind  speed  dependence  was  plotted 
for  Ku,  K  and  Ka  bands  [4].  For  wind  speed  below 
12  m/s  this  dependence  is  described  quite  reasonably  by 
the  quadratic  law. 

At  higher  wind  speeds,  exceeding  12-15  m/s, 
dependence  of  ATa  on  V  saturates,  because  other  factors 
come  into  the  play;  foam,  white-capping  and  so  on. 
That  is  why  special  experiments  are  required  for 
calibration  anisotropy  -  wind  speed  dependence  both  for 
nadir-looking  method  of  SRI  RAS  and  for  oblique 
observations  method  used  by  JPL  [12]. 

4.  Russian  Spaceborae  Radiometer  Projects 

Many  space  agencies  including  Russian  one  plan 
further  development  of  spacebome  radiometer  system. 
The  launch  of  the  specialized  remote  sensing 
"PRIRODA"  module  is  plarmed  in  spring  1996  [13].  It 
will  operate  as  part  of  the  orbital  station  MIR  The 
module  will  take  on  board  a  great  variety  of  scientific 
instmments  of  frequencies  ranging  from  visible  to 
microwave,  including  the  IKAR  radiometric  system 
IKAR  has  three  main  components:  the  nadir  unit 
IKAR-N,  the  scanning  unit  IKAR-D  and  the  panoramic 
unit  IKAR-P.  Observation  swath  of  the  scanning  unit  is 
400  km,  that  of  the  panoramic  unit  is  700  km. 

The  Ku-band  (13.3  GHz)  polarimetric  radiometer  is 
part  of  IKAR-N  system.  This  nadir-looking  radiometer 
with  non-scanning  horn  anterma  can  measure  the  value 
of  polarization  anisotropy  ATg  along  with  azimuthal 
orientation  of  polarization  ellipse  major  axis.  For  wind 
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vector  retrieval  from  these  data  the  SRI  RAS  algorithm 
is  to  be  used.  This  instrument  will  be  the  first  satellite 
radiometer  of  the  kind.  The  realization  of  MIR- 
PRIRODA  mission  may  add  pros  and  cons  for  further 
use  of  spacebome  polarimeters. 

Panoramic  radiometric  system  PARK  was  developed 
by  SRI  RAS  for  installation  on  a  spacecraft  of  ALMAZ 
series.  Such  a  system  at  frequencies  5.0;  13.3;  20.0  and 
37.0  GHz  is  supposed  to  form  8-16  beams  using  light 
lowloss  metal-ceramic  Lunebetg  lens  (Fig.2).  Luneberg 
lens  of  0.5  m  in  diameter  and  about  50  kg  in  mass 
provides  panoramic  image  of  the  sea  surface  without 
scarming  (Fig.3).  Sensitivity  of  PARK  system  within  a 
resolution  element  is  3-4  times  higher  that  of  scanning 
system.  The  use  of  panoramic  systems  considerably 
enhances  radiometer  sensitivity  and  maintains  sufficiently 
high  spatial  resolution.  This  is  especiaUy  important  for 
the  study  of  mezzo-scale  ocean  and  atmosphere 
processes.  The  polarimeters  are  intended  to  measure 
three  Stokes  parameters  of  partially  polarized  emission 
for  wind  vector  retrieval  with  the  swath  of  400  km. 
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Conclusion 

Polarimetric  method  of  near  surface  wind  vector 
retrieval  proved  its  efficiency  in  many  airborne 
experiments  performed  by  Russian  and  American 
scientists.  This  method  promises  sufficiently  high 
accuracy  for  spacebome  measurements  as  well.  It  can 
compete  with  the  scatterometric  method  both  in 
accuracy  and  in  many  other  characteristics:  cost,  mass  of 
instmmentation,  power  supply. 

Forthcoming  measurements  from  MIR-PRIRODA 
module  are  expected  to  provide  new  information  about 
advantages  of  the  prospective  polarimetric  method. 
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Abstract  -  The  effect  of  the  brightness  temperature  anisotropy 
was  investigated  by  microwave  radiometers  during  the  Coastal 
Ocean  Probing  Experiment.  The  radiometers  were  mounted  on 
rotating  platforms  on  a  blimp.  The  azimuthal  dependencies  of 
brightness  temperature  were  measured  during  12  flights  at 
different  wind  speeds  and  viewing  angles.  The  dependencies  of 
the  amplitudes  of  the  first  and  second  harmonic  of  the  azimuthal 
variations  versus  wind  speed  were  obtained  for  viewing  angles 
between  20°  and  30°  from  nadir.  The  wind  speed  varied  from 
2,5  to  9.0  m/s. 

INTRODUCTION 

The  dependence  of  the  microwave  brightness  temperature  of  the 
ocean  on  wind  speed  and  direction  is  intensively  studied  due  to 
its  importance  for  remote  sensing  of  the  near-surface  wind.  The 
anisotropy  of  the  thermal  microwave  radiation  has  been 
observed  many  times  [1-3],  but  still  there  is  no  satisfactory 
quantitative  description  of  this  effect.  One  of  the  purposes  of  the 
Coastal  Ocean  Probing  Experiment  (COPE)  was  a  study  of  the 
azimuthal  variations  of  microwave  radiation  of  the  wind-driven 
sea  surface  by  a  sensitive,  dual-frequency  radiometer  (23  GHz 
(v.p.)  and  31  GHz  (h.p.))  and  a  polarimeter  (37  GHz).  The 
radiometer  at  37  GHz  was  designed  especially  for  such 
observations.  It  was  able  to  measure  brightness  temperature  at 
three  linear  polarizations  or,  in  other  words,  to  measure  the  first 
three  Stokes  parameters  of  the  thermal  radiation. 

EQUIPMENT  AND  MEASURING  PROCEDURE 

The  observations  of  the  sea  surface  were  conducted  from  an 
airship  (blimp)  near  the  Pacific  coast  of  Oregon  in  September- 
October  1996.  The  measurements  were  made  preferably  close 
to  the  Scripps  Institute  Floating  Instrument  Platform  (FLIP) 
which  was  equipped  with  numerous  instruments  for 
investigating  atmospheric  and  oceanic  parameters.  In  most 
cases  the  wind  speed  and  direction  measured  from  FLIP  were 
used  for  data  analysis,  although  sometimes,  when  these  data 
were  not  available,  the  wind  speed  and  direction  were 
estimated  visually  from  the  sea  surface  state  or  from  the 


difference  in  air  and  ground  velocities  of  the  blimp.  The 
portion  of  such  "unreliable"  points  does  not  exceed  14  %  from 
the  whole  data  set.  The  microwave  radiometers  were  installed 
on  two  platforms  scanning  in  azimuth.  The  sensitivities  of  the 
microwave  radiometers  were  about  0.05  K  for  an  averaging 
interval  of  1  s.  at  37  GHz  and  about  0.1  K  at  23/31  GHz. 
Two  IR  radiometers  and  a  video-camera  were  mounted  on  the 
same  platforms  for  monitoring  the  sea  state  and  the  physical 
temperature.  The  orientation  of  the  blimp  and  scanning 
platforms  was  measured  by  compass,  gyroscope,  and  angle 
sensors.  All  the  information  was  collected  and  stored  on  a 
computer  with  the  sample  rate  of  about  1  point  per  second. 

The  blimp  was  also  equipped  with  an  X-band  radar, 
altimeter  and  a  Ugh  resolution  IR-imager  operated  by  the 
Applied  Physics  Laboratory,  University  of  Washington.  The 
twelve  working  flights  were  made  during  the  COPE  for  a  total 
duration  of  about  67  hours. 

The  platforms  provided  conical  scanning  of  nearly  360°  of 
azimuthal  angle  and  the  elevation  angles  could  vary  between 
15°  from  nadir  to  50°  above  the  horizon  for  the  polarimeter, 
and  from  nadir  to  50°  above  the  horizon  for  the  dual-frequency 
radiometers.  The  ability  to  look  above  the  horizon  allowed  us 
to  calibrate  the  radiometers  using  an  atmospheric  radiation. 
For  a  cloudless,  uniform  atmosphere  this  is  probably  the  best 
calibration  technique  providing  accuracy  of  about  1-2  K  of 
absolute  brightness  temperature  measurements.  Note  that  such 
high  accuracy  is  not  needed  for  the  anisotropy  study  because 
it  is  based  on  a  measurement  of  relative  variations. 
Nevertheless  the  absolutely  calibrated  data  is  valuable  for 
other  studies. 

DATA  PROCESSING  AND  RESULTS 

An  experimental  complication  was  caused  by  the  pitch  and  roll 
variations  of  the  blimp.  We  did  not  have  a  mechanical 
stabilization  system  so  we  had  to  compensate  for  the  effects  of 
pitch/roll  in  the  data  processing.  First,  the  variations  in 
brightness  temperature  caused  by  pitch/roll  variations  were 
filtered  from  radiometric  data.  For  this  purpose  we  used  the 
regressions  obtained  during  the  elevation  angle  scanning.  Fig.l 
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Fig.l.  The  dependencies  of  the  brightness  temperature  at 
vertical  and  horizontal  polarizations  versus  elevation 
angle  at  37  GHz. 


shows  a  typical  experimental  regression  of  the  brightness 
temperature  versus  the  elevation  angle  along  with  the 
polynomial  approximation. 

After  removal  of  the  component  related  to  the  fluctuation  of 
the  blimp’s  orientation,  the  azimuthal  dependencies  of  the 
brightness  temperature  were  averaged  over  some  period  of 
continuous  scanning.  The  averaging  time  varied  from  several 
minutes  to  an  hour  and  a  half.  In  this  way  the  azimuthal 
dependencies  were  obtained  for  different  frequencies, 
elevation  angles  and  wind  speed.  Here  we  consider  only 
polarimetric  data  at  37  GHz. 

An  example  of  the  azimuthal  dependencies  of  the  brightness 
temperature  is  shown  in  Fig,2.  Fig.2a  and  fig. 2b  show  the 
variations  at  vertical  and  horizontal  polarizations,  respectively. 
Fig.2c  and  fig.2d  show  the  same  dependencies  for  differences 
of  vertical  and  horizontal  polarizations,  and  +45°  and  -45° 
polarizations,  respectively;  these  correspond  to  the  second  and 
third  Stokes  parameters.  The  wind  was  blowing  from  a 
direction  about  80°.  (the  up- wind  direction  is  indicated  by 
vertical  dashed  line)  at  10.5  m/s.  The  viewing  angle  was  about 
18°  from  nadir.  The  solid  curves  represent  a  best  fit  to  an 
equation  of  the  form: 

=Bq  +B^  *  Cos(^  -(j)j)  +^2  *  Cos(2^  “24)2) 

where  and  are  the  amplitudes  of  the  first  and  second 
harmonics  and  the  phases  and  correspond  to  the  wind 
direction.  Note  that  for  vertical  and  horizontal  polarizations 
the  data  looks  more  noisy  than  for  the  second  and  the  third 
Stokes  parameters.  This  can  be  explained  by  the  amplitudes 
for  the  Stokes  parameters  being  about  twice  of  those  for 
horizontal  and  vertical  polarizations.  The  noise  can  be  reduced 
also  due  to  "compensation"  of  the  unpolarized  fluctuating 
component  related  to  atmospheric  radiation,  foam,  etc. 
Consequently  it  is  more  convenient  to  measure  polarization 
differences  directly  (using  one  instrument)  than  to  recover 
Stokes  parameters  from  independent  measurements. 


Fig.  2.  The  azimuthal  dependencies  of  the  brightness 
temperature  at  vertical  and  horizontal  polarizations  (a,b) 
and  the  second  and  the  third  Stokes  parameters  (c,d). 

Fig.2  illustrates  the  presence  of  both  harmonics  in  azimuthal 
dependencies.  On  Fig.3  we  plot  the  amplitudes  of  the  first  and 
the  second  harmonics  for  the  second  and  the  third  Stokes 
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parameters  versus  wind  speed  for  the  viewing  angle  between 
20°  and  30°  from  nadir.  Despite  unreliable  statistics  we  note 
that  the  dependencies  are  quite  different.  The  amplitude  of  the 
second  harmonic  grows  strongly  non-linear  with  the  wind 
speed  increasing,  but  the  first  harmonic  is  more  or  less  linear 
function  of  wind  speed.  The  non-linear  behavior  of  the  second 
harmonic’s  amplitude  is  consistent  with  [4].  It  seems  also  that 
the  relative  scatter  of  the  first  harmonic  amplitude  is  slightly 
higher  than  that  of  the  second  one,  although  that  can  be 
explained  by  an  accuracy  of  the  measurements. 

CONCLUSION 

During  the  COPE  we  studied  the  anisotropy  of  the  ocean’s 
microwave  thermal  radiation.  We  obtained  the  wind 
dependencies  of  the  amplitudes  of  the  first  and  second 
harmonics  of  the  azimuthal  dependencies  at  viewing  angles 
between  20°  and  30°  from  nadir.  It  appears  that  their  behavior 
with  the  increasing  wind  speed  is  very  different:  the  first 
harmonic  amplitude  grows  approximately  as  a  linear  function 
in  contrast  to  the  second  harmonic,  which  can  be 
approximated  by  a  power  function  of  wind  speed.  Of  course  it 
is  difficult  to  reach  a  final  conclusion  without  measurements 
at  high  wind  speed,  but  at  least  at  moderate  wind  speed  one 
needs  to  use  appropriate  approximations  for  the  amplitudes  of 
the  first  and  second  harmonic. 

To  understand  the  whole  picture  we  need  to  study  the 
dependencies  at  high  wind  speed  and  at  different  observation 
angles  and  frequencies.  Such  information  on  microwave 
anisotropy  is  necessary  for  efficient  algorithm  development  to 
recover  the  wind  vector  from  radiometric  measurements. 
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INTRODUCTION 

The  Conically-Scanning  Two  Look 
Airborne  Radiometer  (C-STAR)  is  currently  being 
constructed  as  a  satellite  simulator  to  investigate 
the  feasibility  of  measuring  global  ocean  vectors 
with  passive  microwave  instrumentation.  The  C- 
STAR  will  be  a  total  power,  four-channel 
radiometer  package  remotely  sensing  37.1  GHz 
signatures  from  a  high  altitude  aircraft  platform. 
The  instrument  package  is  being  developed  by  the 
National  Aeronautics  and  Space  Administration 
(NASA)  Marshall  Space  Flight  Center  (MSFC) 
and  the  Global  Hydrology  and  Climate  Center 
(GHCC)  for  flight  on  a  NASA  ER-2  aircraft  during 
early  1996. 


SCIENTIFIC  JUSTIFICATION 

The  importance  of  surface  wind  forcing  to 
the  ocean  circulation,  and  tlius  to  climate  change, 
necessitates  a  capability  to  monitor  surface  winds 
over  the  global  oceans.  While  scatterometers 
provide  some  capability  to  this  end,  their  narrow 
swath  width  leads  to  regional  biases  which  can  not 
be  eliminated  with  even  annual  averaging. 
Combined  with  their  high  cost  in  this  era  of 
reduced  budgets,  this  encourages  the  development 
of  new  techniques  for  ocean  wind  retrieval.  There 
has  been  increasing  interest  in  the  development  of 
passive  microwave  radiometers  which  would 
measure  not  only  wind  speed  but  wind  direction  as 
well.  The  azimuthal  anisotropies  in  surface 
emission  related  to  near  surface  ocean  wind 
direction  are  now  being  documented  with 
laboratory,  aircraft  and  spacecraft  measurements. 
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A  comprehensive  overview  of  these  investigations 
is  presented  by  [1]. 

C-STAR  will  provide  dual-look,  conically 
scanned  imagery  of  dual  linear  polarization  and 
polarimetric  channels  at  37.1  GHz  and  an  Earth 
incidence  angle  of  53°.  The  choice  of  frequency 
and  view  angle  for  C-STAR  was  based  upon  the 
demonstrated  heritage  of  the  Defense 
Meteorological  Satellite  Program  Special  Sensor 
Microwave/Imager  (SSM/I).  One  goal  of  the  C- 
STAR  investigation  is  to  evaluate  the  skill  with 
which  wind  vectors  can  be  retrieved  from 
microwave  imagery  assuming  a  baseline 
instrument  configuration  like  that  flown  on  current 
satellites. 

Another  goal  is  to  allow  a  direct 
comparison  of  the  two-look  microwave  radiometric 
wind  direction  retrieval  technique  proposed  by  [2] 
and  the  polarimetric  methods  of  wind  direction 
detection  discussed  by  [1]  and  [3].  C-STAR 
information  will  provide  the  opportunity  to  develop 
oceanic  wind  speed  and  direction  detection 
algorithms  for  each  technique  as  well  as  a 
combined  algorithm  utilizing  both  techniques 
which  [4]  has  suggested  might  be  necessary. 
Although  these  algorithms  will  be  dependent  upon 
the  C-STAR  frequency  and  view  angle,  they  will 
still  provide  an  useful  evaluation  of  the  accuracy 
and  limitations  of  each  method. 


INSTRUMENT  DESCRIPTION 

Instrument  Package 

The  complete  C-STAR  instrument 
package  will  consist  of  a  total  power  scanning 
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Table  1:  C-STAR  Instrument  Specifications 


Frequency 

37.1GHz 

Immediate  Frequency  Bandwidth 

900  MHz 

Half-power  Beamwidth 

7.5 

Number  of  Feedhoms 

2 

Number  of  Channels 

4 

Measured  Polarizations 

H,  V,  P,  Q 

Temperature  Resolution 

0.1  Kelvin 

Integration  Time 

0.125  seconds 

Total  System  Mass 

120  kilograms 

Power 

280  watts 

radiometer  subsystem,  a  data  acquisition  system 
(DAS),  and  a  power  distribution  unit  (PDU).  The 
C-STAR  instrument  specifications  are  listed  in 
Table  1.  The  receiver  subsystem  will  be  composed 
of  four  heterodyne  receivers  with  diode  detectors. 
One  pair  of  receivers  will  be  matched  livith  one 
feedhom  to  collect  horizontal  (H)  and  vertical  (V) 
polarized  radiation.  The  second  pair  of  receivers 
will  be  matched  to  another  feedhom  which  will  be 
rotated  45°  about  its  view  axis  compared  to  the 
first  feedhom.  The  polarizations  detected  with  this 
receiver  pair  will  be  P  (+45°  from  V)  and  Q  ( -45° 
from  V).  By  collecting  data  both  fore  and  aft  of  the 
flight  vector,  the  polarimetric  method  of 
calculating  the  ocean  wind  direction  can  be  tested 
with  fore  and  aft  data  separately  or  together. 

The  C-STAR  antenna  sub^stem  will 
consist  of  two  37.1  GHz  scalar  feedhoms,  a 
reflector,  and  two  calibration  loads.  In-flight 
instrument  calibration  will  be  performed  during 
each  complete  scan  cycle.  The  loads  will  be 
fabricated  as  pyramidal  cones  machined  from 
aluminum  stock  with  Eccosorb  coating  to  ensure  a 
constant  return  loss.  Emissivity  will  be  greater  than 
0.9999.  One  load  will  be  cooled  to  approximately 
250K  by  ambient  air  at  flight  level.  The  other  load 
will  be  encased  in  Styrofoam  and  thermostatically 
regulated  to  330K  with  heater  strips  attached  to  the 
back  side  of  the  load.  Calibration  of  the  earth 
observed  scenes  will  be  a  simple  interpolation  (or 
extrapolation)  of  the  earth  viewing  measurements 
from  the  known  cold  and  warm  load 
measurements.  Thus,  the  measured  brightness 
temperatures  are  independent  of  instmment 
temperature  and  gain  changes,  provided  that  these 
changes  occur  on  time  scales  longer  than  the 
interval  between  calibration  scans. 


The  main  components  of  the  DAS  are  a 
386SX  processor,  a  twelve  bit  analog  to  digital 
converter,  and  two  20  megabyte  "flash-disk" 
memory  cards  to  store  the  digitized  data.  The  data 
stream  will  include  earth  scene  measurements,  in¬ 
flight  calibration  data,  instrument  performance 
characteristics,  and  aircraft  navigation  information 
supplied  by  the  ER-2  Navigation  System. 

Instrument  Operation 

The  C-STAR  will  collect  earth  scene 
observations  +/-  45°  of  the  aircraft  flight  track  in 
the  fore  and  aft  directions.  During  each  complete 
conical  scan,  52  total  earth  scene  observations  per 
channel  and  eight  total  calibration  samples  per 
channel  will  be  collected.  The  ten  second  C-STAR 
scan  rate  and  the  approximate  ER-2  air  speed  of 
410  knots  at  an  altitude  of  20  kilometers  [5]  will 
yield  contiguous  footprints  in  both  the  fore  and  aft 
directions.  The  time  lag  between  viewing  a  given 
earth  scene  pixel  in  the  forward  direction  and 
again  in  the  aft  direction  will  be  approximately 
four  minutes.  Other  pertinent  operational 
characteristics  of  the  C-STAR  are  listed  in  Table  2. 


SUMMARY 

The  C-STAR  will  be  a  low-noise,  conically 
sranning  four-channel  passive  microwave 
radiometer  which  will  test  the  feasibility  of 
obtaining  a  field  of  ocean  surface  wind  vectors 
from  an  aircraft  platform.  C-STAR  will  be  the 
only  research  instrument  remotely  sensing  ocean 
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Table  2:  C-STAR  Operational  Characteristics 


Field  of  View 
Scan  Pattern 
Scan  Angle 
Scan  Rate 

Footprint  Size  from  20  km  Altitude 
Number  of  Data  Samples  per  Scan 
Number  of  Calibration  Samples  per  Scan 
Data  Volume 


wind  speed  and  direction  from  a  high  altitude  aircraft 
platform.  Yet,  the  information  collected  will  be  highly 
complimentary  to  research  activities  being  conducted  by  the 
Jet  Propulsion  Laboratory  using  non-scanning  radiometers 
aboard  a  medium  altitude  aircraft.  C-STAR  will  provide  a 
satellite  simulation  of  ocean  wind  mapping  generated  from 
two-look  and  polarimetric  retrieval  methods  applied  to 
brightness  temperature  imagery.  Evaluation  of  these  two 
methods  will  assist  the  development  of  future  passive 
microwave  spacebome  sensors  monitoring  global  ocean  wind 
circulation  and  its  relation  to  climate  change. 
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+/-45°  fore  and  aft  of  flight  track 

Conical 

53°  from  nadir 

6  rpm 

7.3  km  X  4.4  km 
21  per  channel  per  direction 
2  per  channel  per  load 
1  Kilobyte  per  minute 
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Abstract  -  The  difficulties  of  accommodating  tradi¬ 
tional  fan-beam  scatterometers  on  spacecraft  has  lead 
to  the  development  of  a  scanning  pencil-beam  instru¬ 
ment  known  as  SeaWinds.  SeaWinds  will  be  part  of 
the  Japanese  Advanced  Earth  Observing  System  II 
(ADEOS-II)  to  be  launched  in  1999.  A  brief  descrip¬ 
tion  of  the  SeaWinds  design,  signal  processing,  and 
backscatter  measurement  approach  is  given  in  this  pa¬ 
per.  To  analyze  the  performance  of  the  SeaWinds  de¬ 
sign,  a  new  expression  for  the  measurement  accuracy 
of  a  pencil-beam  system  is  used  which  includes  the 
effects  of  transmit  signal  modulation.  Performance 
tradeoffs  made  in  the  development  of  Seawinds  are 
discussed. 


1.  INTRODUCTION 

A  scatterometer  is  a  radar  system  that  measures  the 
radar  backscatter  coefficient,  cr°,  of  an  illuminated  sur¬ 
face.  Multiple  measurements  of  from  different  az¬ 
imuth  and/or  incidence  angles  are  used  to  infer  the  near¬ 
surface  wind  vector  over  the  ocean.  While  previous 
wind  scatterometers  have  been  based  on  fan-beam  anten¬ 
nas,  the  SeaWinds  scatterometer,  to  be  launched  aboard 
the  second  Japanese  Advanced  Earth  Observing  Satellite 
(ADEOS-II)  in  early  1999  as  part  of  the  NASA  Earth 
Observation  System,  will  employ  a  scanning  pencil-beam 
antenna  [2,  3,  4]. 

A  scanning  pencil-beam  scatterometer  offers  an  alter¬ 
native  design  concept  which  is  smaller,  lighter  and  has 
simpler  field-of-view  requirements  [2].  Further,  because 
the  antenna  illumination  is  concentrated  in  a  smaller 
area,  a  much  higher  signal-to-noise  ratio  (SNR)  can  be 
obtained  with  a  smaller  transmitter.  Complicated  signal 
processing  is  not  required  and  the  data  rate  is  small.  As 
a  result  a  pencil-beam  scatterometer  can  be  more  easily 
accommodated  on  spacecraft  than  a  fan-beam. 

The  issues  and  tradeoffs  encountered  in  optimizing 
a  pencil-beam  scatterometer  system  are  different  than 
those  of  a  fan-beam  system.  In  this  paper  we  describe 
some  of  the  details  of  our  approach  to  the  analysis  and 
optimization  of  the  SeaWinds  scatterometer  system. 

11.  PERFORMANCE  EVALUATION 

A  metric,  widely  used  in  scatterometry,  for  evaluating  cr° 
error  is  tne  “ATp”  parameter; 

\/var{cr^eas}  > 

A  general  objective  of  scatterometer  design  is  the  mini¬ 
mization  of  Kp.  Kp  is  a  function  of  the  signal-to-noise 
ratio  (SNR)  which  depends  on  the  wind  via  a®.  Relating 
Kp  directly  to  the  wind  measurement  performance  can 
be  difficult  due  to  the  non-linearity  in  the  wind  retrieval 
process.  As  a  result,  we  adopt  the  goal  for  SeaWinds  that 
Kp  should  be  less  than  the  geophysical  modeling  error  — 
the  percentage  variation  in  for  a  given  wind  velocity 
(17%  at  Ku-band).  Such  a  criterion  will  insure  that  wind 
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performance  is  limited  not  by  the  precision  of  the  instru¬ 
ment,  but  only  by  our  ability  to  relate  the  measured  <j®’s 
to  wind  speed  and  direction  via  the  model  function. 

The  scatterometer  measures  the  backscattered  power. 
Unfortunately,  the  measurement  is  noisy  and  a  separate 
measurement  of  the  noise-only  power  is  made  and  sub¬ 
tracted  from  the  signal-hnoise  power  measurement  to  es¬ 
timate  the  signal  power  (see  Fig.  1).  Ref.  [3]  presents  a 
derivation  of  the  Kp  for  a  pencil-beam  scatterometer.  It 
has  the  general  form 

Kp  =  {A  +  SB  +  S^Cy^^  (1) 

where  S  is  the  noise-to-signal  ratio,  A  is  the  signal  vari¬ 
ance,  B  is  a  signal-cross  noise  term,  and  C  is  the  noise 
variance.  For  interrupted  CW  operation  (no  modula¬ 
tion)  and  a  simplified  geometry  and  antenna  pattern  it 
can  be  shown  that  A  =  l/TpEo^  B  =  2/TpBD',  ai^d 
C  =  l/iTpBo)  Al/{TpBn)]  where  Tp  is  the  pulse  length. 
Bo  is  the  Doppler  bandwidth,  and  Bn  is  the  noise-only 
measurement  bandwidth.  This  result  is  equivalent  to 
Fisher’s  Kp  expression  [1].  When  modulation  is  em¬ 
ployed,  A  can  be  expressed  as  a  weighted  integral  of  the 
radar  ambiguity  function  defined  by  the  modulation  func¬ 
tion  [3].  Proper  selection  of  the  modulation  function  can 
lead  to  reduced  Kp  for  some  scan  angles;  however,  the 
Kp  can  be  increased  for  other  scan  angles. 

To  illustrate  the  tradeoffs  in  selecting  a  modulation 
scheme,  Kp  for  several  modulation  schemes  is  computed 
assuming  a  high  SNR.  The  modulation  schemes  include 
Interrupted  CW  (ICW)  (no  modulation),  Linear  Fre¬ 
quency  Modulation  (LFM),  and  Minimum  Shift  Keying 
(MSK)  with  a  maximal  length  pseudo-random  data  se¬ 
quence.  The  results  are  summarized  in  Table  1  where 
values  shown  are  normalized  by  the  Kp{ICW). 

Table  1  reveals  that  Kp  is  dependent  on  the  measure¬ 
ment  geometry  as  well  as  the  modulation.  While  Kp  for 
ICW  is  inversely  proportional  to  the  square  root  of  the 
product  of  the  pulse  length  and  the  Doppler  bandwidth 
(the  time-bandwidth  product  of  the  echo  return),  Kp  for 
MSK  also  depends  on  the  bandwidth  of  the  modulation. 
Though  Kp{MSK)  is  slightly  increased  at  0°,  at  90"^  it  is 
reduced  with  Kp{MSK)  ^  Kp{ICW)/^/ BmskTc  where 
Bmsk  is  the  bandwidth  of  the  MSK  modulation  and  Tc 
is  the  differential  time-of-flight  over  the  footprint.  Since 
MSK  provides  the  best  overall  performance  and  can  be 
easily  generated  in  hardware,  it  was  chosen  for  the  base¬ 
line  SeaWinds  design  [4].  Note  that  increasing  ar¬ 

bitrarily  does  not  always  improve  Kp  since  the  receiver 


Modulation 

Kp{ICW) 

1.0 

1.0 

Kp{LFM) 

1.16 

0.9 

K„{MSK) 

1.05 

0.43 

Table  1.  Kp  for  various  transmit  signal  modulation 
schemes.  Values  have  been  normalized  by  Kp{ICW). 
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Parameter 

Value 

Transmit  l^Vequency 
Transmit  Power 

Transmit  PRF 

Transmit  Pulse  Length 
Transmit  Modulation 
Receive  Gate  Length 
System  Noise  Temp. 
Signal+Noise  Bandwidth 
Noise-only  Bandwidth 
Rotation  Rate 

Antenna  Beamwidth 

13.402  GHz 

110  Watts 

185  Hz  (92.5  Hz  each  beam) 
1.5  ms 

MSK,  Th  =  15^sec 

2.0  ms 

740°K 

80  KHz 

1  MHz 

18  rpm 

1.8°  X  1.6°  (inner) 

1.7°  X  1.4°  (outer) 

Table  2,  SeaWinds  Radar  Electronics  Parameters 


bandwidth  must  also  be  increased  to  accommodate  the 
signal,  requiring  a  tradeoff  between  the  signal  modulation 
and  the  receiver  bandwidth. 

III.  SEAWINDS  DESIGN  AND  TRADEOFFS 

The  SeaWinds  measurement  geometry  is  illustrated  in 
Fig.  2.  Figure  3  shows  a  block  diagram  of  the  SeaWinds 
radar  electronics.  A  summary  of  the  key  radar  param¬ 
eters  is  shown  in  Table  3.  A  one  meter  parabolic  dish 
antenna  with  two  offset  feeds  creates  botn  the  “inner” 
and  the  “outer”  beams.  The  inner  beam  makes  measure¬ 
ments  at  46°  incidence  angle  while  the  outer  beam  makes 
measurements  at  54° .  The  antenna  is  mechanically  ^un 
about  the  nadir  axis  to  generate  a  conical  scan.  Each 
point  within  the  inner  700  km  of  the  swath  is  viewed  from 
four  different  azimuth  angles  —  twice  by  the  outer  beam 
looking  forward  then  aft,  and  twice  by  the  inner  beam  in 
the  same  fashion.  In  the  outside  edge  of  the  swath,  be¬ 
tween  cross  track  distances  of  700  and  900  km,  each  point 
on  the  ocean  is  viewed  twice  by  the  outer  beam  only.  The 
inner  beam  is  horizontally  polarized  with  respect  to  the 
ocean  surface  while  the  outer  beam  is  vertically  polarized. 

Because  the  measurements  are  obtained  at  favorable 
high  incidence  angles  over  a  continuous  1800  km  swath, 
there  is  no  “nadir  gap”  where  wind  can  not  be  retrieved. 
The  wide  swath  will  cover  90%  of  the  ocean  surface  within 
24  hours,  an  improvement  over  previous  scatterometers. 
The  18  rpm  SeaWinds  antenna  rotation  rate  and  mea¬ 
surement  timing  were  chosen  to  obtain  optimal  sampling 
of  the  surface  cr°  and  to  meet  host  spacecraft  dynamics 
requirements. 

Due  to  the  motion  of  the  satellite  relative  to  the  Earth, 
a  Doppler  shift  of  up  to  dz500  kHz  is  imparted  to  the  echo 
signm,  depending  on  the  antenna  scan  position.  In  Sea¬ 
Winds,  the  Doppler  shift  is  pre-compensated  by  tuning 
the  transmit  carrier  frequency  to  13.402  GHz  — jrf,  where 
fd  is  the  expected  frequency  shift  to  be  imparted  to  the 
return  signal.  The  compensation  frequency  is  computed 
by  the  SeaWinds  on-board  processor  using  the  measured 
antenna  positioriL  orbit  location,  spacecraft  velocity,  and 
Earth  rotation.  Fre-compensating  the  transmit  pulse  for 
Doppler  shift  produces  an  echo  signal  that  always  occurs 
at  the  same  center  frequency,  simplifying  the  RF  down 
conversion  and  detector  electronics. 

A.  Receive  Bandwidth  Tradeoffs 

Kp  can  be  decreased  by  appropriate  modulation  of  the 
transmit  pulse;  however,  a  tradeoff  between  the  trans¬ 
mit  bandwidth  and  Kp  exists  due  to  the  need  to  in¬ 
crease  the  receiver  bandwidth  which  increases  the  ef¬ 
fects  of  noise.  The  bandwidth  of  the  receive  signal  de¬ 
pends  on  both  the  transmit  bandwidth  and  the  geometry- 
dependent  Doppler  bandwidth.  The  Doppler  bandw^th 
results  from  the  variation  in  Doppler  shirt  over  the  illu¬ 
minated  area.  For  SeaWinds,  tne  3  dB  Doppler  band¬ 
width,  Bdopi  varies  from  9  kBfz  to  15  kHz  depending  on 
the  scan  angle.  We  require  the  receive  filter  bandwidth 
Br  to  be  wide  enough  to  pass  at  least  90%  of  the  echo 
energy.  A  plot  of  the  echo  energy  versus  “filter  overhead” 
{Br  —  Bmsk)  is  shown  in  Fig.  4  for  Bdop  =  15  kHz  and 
various  values  of  Bmsk- 


Nominally,  the  Doppler  shift  is  perfectly  pre¬ 
compensated  and  the  echo  spectrum  is  centered  in  the  sig- 
nal+noise  filter.  However,  antenna  position  uncertainty 
and  spacecraft  attitude  uncertainty  lead  to  errors  in 
Doppler  tracking.  The  signal-hnoise  filter  bandwidth  Br 
must  be  sufficiently  wide  to  accommodate  the  echo  cen¬ 
ter  frequency.  The  worst-case  Doppler  pre-compensation 
error  is  10  kHz.  Assuming  the  worst-case  error,  a  plot  of 
the  resulting  error  in  the  energy  detection  versus  the  “fil¬ 
ter  overhead”  is  shown  in  Fig.  5.  To  minimize  Doppler- 
precompensation  induced  errors  in  the  measurement  of 
echo  return  energy,  we  require  the  error  to  be  <  0.15  dB. 

Applying  these  criteria  to  Figs.  4  and  5,  we  see  that 
they  are  satisfied  for  a  filter  overhead  of  between  30  kHz 
and.  50  kHz,  depending  on  Bmsk-  Thus,  in  our  trade-off 
analyses  to  find  the  optimum  Bmsk  we  have  used  Br  = 
Bmsk  +  40  kHz. 

B.  Transmit  Signal  Modulation  Tradeoffs 

To  select  Bmsk;  Ihe  parameters  A,  B,  and  C  are  com¬ 
puted  numerically  as  a  function  of  antenna  scan  angle.  To 
optimize  Kp  over  the  range  of  wind  speeds,  the  swath  lo¬ 
cation  dependent  SNRs  corresponding  to  low  wind  speeds 
(3  m/s),  moderate  winds  (8  m/s),  and  high  winds  (20 
m/s)  are  used. 

In  Fig.  6  Kp  vs.  azimuth  angle  for  a  range  of  Bmsk 
is  plotted  for  each  beam  at  three  representative  wind 
speeds.  Only  the  azimuth  range  between  0  and  90  de¬ 
grees  is  shown  since  the  performance  is  symmetry  around 
the  scan.  Transmit  modulation  significantly  reduces  Kp 
for  most  of  the  swath,  but  offers  little  improvement  for 
scan  angles  pointed  forward  or  aft  of  the  spacecraft  — 
near  0  and  180  degrees.  At  the  high  wind  speeds  where 
S  is  small  (high  SNR),  the  “A”  term  in  Eq.  (1)  dom¬ 
inates,  and  a  larger  Bmsk  leads  to  lower  Kp.  Thus,  in 
a  high  SNR  environment,  measurement  accuracy  can  be 
improved  by  modulating  the  signal  and  consequently  in¬ 
creasing  the  effective  number  of  independent  samples.  At 
lower  wind  speeds  (which  have  lower  SNRs),  however,  Kp 
can  actually  increase  for  larger  Bmsk-  This  is  particularly 
evident  for  the  inner  beam.  This  occurs  because  the  ben¬ 
efit  derived  from  modulating  the  s^nal  is  overcome  by 
the  deleterious  effect  of  increasing  Br  and  passing  more 
thermal  noise  to  the  detector. 

An  evaluation  of  the  curves  in  Fig.  6  led  to  the  selec¬ 
tion  of  Bmsk  —  40  kHz  and  Br  —  80  kHz  for  SeaWinds. 
This  significantly  improves  Kp  performance  over  most  of 
the  swath  and  for  most  wind  conditions.  Lower  values 
of  Bmsk  produced  inferior  performance  at  high  and  mod¬ 
erate  wind  speeds,  in  general  failing  to  meet  the  perfor¬ 
mance  goal  of  Kp  <  0.17.  Higher  values  of  Bmsk  were 
judged  to  produce  undesirably  large  Kp  at  low  speeds. 
Due  to  the  greater  scientific  importance  of  high  wind 
measurements,  a  degree  of  performance  degradation  at 
low  wind  speeds,  su^  as  that  experienced  with  Bmsk  = 
40  kHz  for  the  inner  beam  at  3  m/s,  was  deemed  accept¬ 
able.  Unfortunately,  for  the  values  of  S  achievable  with 
the  SeaWinds  design  parameters,  the  goal  of  Kp  <  0.17 
is  not  possible  at  the  very  lowest  wind  speeds  for  any 
modulation  bandwidth.  Nevertheless,  despite  being 
limited”  rather  than  “model  function  limited”  in  the  less 
critical  low  wind  speed  regime,  SeaWinds  performance 
simulations  indicate  that  the  desired  measurement  accu¬ 
racies  will  still  be  met  [2] . 

IV.  SUMMARY 

Because  SeaWinds  employs  a  compact  dish  antenna 
rather  than  multiple  fan-beam  antennas,  the  instrument 
is  more  easily  accommodated  on  spacecraft  than  previ¬ 
ously  flown  scatterometers.  Tradeoffs  to  select  the  trans¬ 
mit  modulation  scheme  and  filter  bandwidths  have  been 
described.  Modulating  the  transmit  signal  results  in  im- 
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proved  Kp  which  will  result  in  improved  wind  measure¬ 
ment  accuracy. 
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Noise-only  Measurement 


Figure  1.  Measurement  flow  diagram. 


Figure  4.  Doppler  bandwidth  induced  energy  detection 
error  versus  “filter  overhead”  {B^  —  Bmsk)’ 


Figure  3.  SeaWinds  block  diagram. 


Figure  5.  Energy  measurement  error  due  to  Doppler 
compensation  error  versus  “filter  overhead’^ 
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Figure  6.  SeaWinds  Kp  versus  scan  angle  for  various 
Bmsk  and  wind  speeds. 
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Abstract —  The  University  of  Massachusetts  collected  C- 
and  Ku-band  ocean  backscatter  measurements  at  21.0°, 
31.0°,  41.5°  and  52.0°  incidence,  using  a  C-band  and  a 
Ku-band  conical  scanning  airborne  scatterometer.  These 
high  spatial  resolution  backscatter  measurements  differ  sig¬ 
nificantly,  for  low-wind  cases,  from  the  predicted  responses 
of  the  CMOD4  and  SASS-II  model  functions.  The  nulls 
in  the  azimuthal  backscatter  response  tend  to  decrease  at 
a  much  faster  rate  than  predicted  as  the  winds  decrease 
below  5  m'S”L  measured  backscatter  response  does 
not  follow  a  power-law  relationship  with  wind  speed  nor 
with  wind  stress,  and  a  cutoff  wind  speed,  below  which  the 
backscatter  drops  to  unmeasurable  quantities,  is  present. 
These  characteristics  are  predicted  by  the  Donelan  and 
Pierson  model,  and  comparing  the  measured  results  with 
this  model  shows  good  agreement.  However,  when  the  spa¬ 
tial  resolution  of  the  measurements  are  degraded  to  an  area 
equivalent  to  that  of  satellite-based  measurements,  the  deep 
nulls  and  fast  fall  off  rate  are  no  longer  present.  Such  ef¬ 
fects  may  bias  the  backscatter  measurements  from  satellite- 
based  platforms  towards  the  higher  winds  within  the  foot¬ 
print,  and  thus  overestimate  the  wind  speed. 

I  Introduction 

Daily  monitoring  of  the  global  ocean  wind  vector  is  es¬ 
sential  for  many  oceanographic  and  air/sea  interaction 
studies.  The  near  ocean-surface  wind  vector  generates 
the  momentum  flux,  and  thereby  affects  the  ocean  cir¬ 
culation  and  mixing,  and  plays  a  significant  role  in  the 
exchange  of  moisture  and  heat  between  the  ocean  and  at¬ 
mosphere.  Currently,  this  parameter  can  be  monitored 
using  a  satellite-based  scatterometer,  which  measures  the 
electromagnetic  backscatter  from  the  ocean  surface.  At 
microwave  frequencies,  the  backscatter  has  been  found  to 
be  correlated  with  the  ocean  wind  vector,  and  empirical 
models  (CMOD4  [1]  and  SASS-II  [2])  have  been  developed 
that  relate  these  two  parameters. 

This  technique  of  estimating  the  winds,  known  as  scat¬ 
terometry,  works  well  for  moderate  winds.  However,  under 
low- wind  conditions,  scatterometer  measurements  in  wave 
tanks  and  from  platforms  and  aircraft  have  disagreed  with 
each  other  and  with  the  predicted  responses  of  CMOD4 
and  SASS-II  [3]  [4].  Being  able  to  measure  low  winds  is 
important  since  much  of  the  tropical  regions  of  the  oceans 
are  dominated  by  low- wind  conditions. 

This  paper  will  present  low-wind  backscatter  measure¬ 
ments  obtained  with  two  airborne  scatterometers,  CSC  AT 
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and  KUSCAT.  Section  II  will  describe  these  instruments 
and  the  experiments  where  low-wind  speed  data  were  col¬ 
lected.  Section  III  will  present  the  measurements  and 
their  departure  from  the  predicted  responses  of  CMOD4 
and  SASS-II.  Section  IV  will  demonstrate  that  a  power 
law  cannot  be  used  to  describe  the  backscatter  response 
to  wind  speed  or  frictional  velocity,  will  compare  the  meas¬ 
urements  to  Donelan  and  Pierson’s  model  to  explain  the 
sharp  rolloff  in  the  crosswind  backscatter  measurements 
and  will  discuss  why  these  measurements  differ  from  the 
satellite-based  empirical  models. 

II  Instruments  and  Experiments 

The  University  of  Massachusetts  Microwave  Remote 
Sensing  Laboratory  designed  and  fabricated  two  air¬ 
borne  pencil-beam  scatterometers,  CSC  AT  and  KUSCAT. 
These  instruments  are  vertically  polarized  pencil  beam 
scatterometers  at  C-band  and  Ku-band  respectively.  Both 
instruments  utilize  microstrip-phased  arrays  to  frequency 
scan  their  pencil  beam  from  2U  to  52^  incidence.  These 
antennas  are  frequency  scaled  version  of  each  other,  and 
therefore  their  patterns  are  almost  identical. 

During  operation,  CSC  AT  mechanically  rotates  its  an¬ 
tenna  in  azimuth  at  30  rpm,  while  its  pointing  angle  is 
fixed  at  one  of  four  incidence  angles:  2U,  3U,  41.5^ 
or  52®.  Figure  1  illustrates  this  measurement  technique. 
KUSCAT  operates  in  a  similar  fashion  except  its  antenna 
is  rotated  at  90  rpm,  and  its  incidence  angle  is  rapidly 
switched  between  the  four  incidence  angles  at  a  pulse  re¬ 
petition  frequency  that  results  in  the  maximum  number 
of  independent  data  samples,  at  all  four  angles  simultan¬ 
eously,  as  the  aircraft  is  following  its  flight  line.  Thus,  the 
full  azimuthal  cr®  response  is  measured  at  all  four  incid¬ 
ence  angles  with  each  conical  scan. 

These  instruments  collected  low-wind  backscatter  meas¬ 
urements  during  two  experiments:  the  Tropical  Ocean 
Global  Atmosphere  Coupled  Ocean-Atmosphere  Re¬ 
sponse  Experiment  (TOGA  COARE),  in  which  CSCAT 
was  flown  on  the  NO  A  A  N42RF  P3,  and  the  Ladir  In¬ 
space  Technology  Experiment  (LITE),  in  which  KUSCAT 
was  flown  on  the  NASA  Wallops  P3.  In  both  experi¬ 
ments,  the  winds  ranged  from  less  than  2  m  s“^  to  almost 
15  m-s“L  During  TOGA  COARE  several  buoys  were 
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Fig.  1.  Conical  scan  measurement  techique. 

deployed  over  the  warm  pool  region  providing  measure¬ 
ments  of  the  surface  conditions.  In  LITE,  insitu  measure¬ 
ments  were  not  available,  but  other  remote  sensing  instru¬ 
mentation,  such  as  the  Radar  Ocean  Wave  Spectrometer 
(ROWS),  were  installed  on  the  Wallops  P3  and  provided 
estimates  of  the  near  ocean-surface  wind  speed. 

Ill  Backscatter  Measurements 

C-  and  Ku-band  ocean  backscatter  measurements  at  31® 
incidence  are  presented  in  this  section  for  moderate-  and 
low- wind  speed  conditions.  The  31®  data  is  representative 
of  data  collected  at  the  other  angles,  and  therefore  only 
the  31®  data  will  be  shown.  Unless  otherwise  specified, 
the  data  is  processed  in  the  following  manner: 

1. )  the  data  from  each  conical  scan  are  subdivided  into 

seventy- two  5®  azimuthal  bins, 

2. )  consecutive  conical  scans  are  combined  until  each 

azimuthal  bin  has  a  minimum  of  50  independents 

samples  and 

3. )  the  samples  in  each  azimuthal  bin  are  averaged 

together  on  a  linear  scale. 

These  averaged  results  will  be  referred  to  as  ^®  scans. 
For  CSCAT  the  a®  scans  typically  are  an  average  of 
four  consecutive-conical  scans,  and  for  KUSCAT,  six 
consecutive-conical  scans.  The  difference  in  the  number 
of  consecutive  scans  averaged  is  due  to  different  sampling 
rates  and  azimuthal  scanning  speeds  between  the  two  in¬ 
struments. 

Figures  2  plots  the  ^®  scans  measured  by  CSCAT  and 
KUSCAT  under  moderate-wind  conditions.  The  CMOD4 
and  SASS-II  model  functions  are  overlaid;  the  input 
wind  speed  for  CMOD4  model  is  from  colocated  buoy 
wind  measurements  and  for  SASS-II  is  from  ROWS  wind 
speeds  estimates.  As  can  be  seen,  the  models  predict  the 
same  response  as  measured  by  CSCAT  and  KUSCAT. 
However  for  low- wind  conditions,  the  models  predict  a 
much  different  response.  Figures  3a  and  b  plot  ^®  scans 
observed  during  low  winds.  The  measured  azimuthal 
modulation  differs  significantly  from  that  predicted  by 


Fig.  2.  Plots  five  consecutive  scans  measured  with  CSCAT  and 
KUSCAT  during  moderate-wind  conditions.  The  CMOD4  and 
SASS-II  model  functions  have  been  overlaid.  The  wind  speed 
and  direction  inputs  are  7.3  m*s”^  and  270®  for  CMOD4  and 
7,3  m’s""^  and  330®  for  SASS-II. 

CMOD4  and  SASS-II.  To  demonstrate,  the  models  are 
fitted  to  the  measurements  such  that  they  agree  in  the  up¬ 
wind  direction.  The  measured  crosswind  values  are  more 
than  10  dB  lower  than  the  predicted  values  of  the  models, 
and  the  measured  azimuthal  modulation  cannot  be  solely 
described  by  a  3-term  Fourier  cosine  series. 

IV  Discussion 

Empirical  models,  such  as  CMOD4  and  SASS-II,  that 
describe  the  backscatter  response  to  the  ocean  surface 
winds,  typically  use  a  power  law  relationship  of  the  form: 
cr®  =  •  (U)^,  where  cr®  is  expressed  in  terms  of  m^/m^, 

U  is  the  neutral  stability  wind  speed  at  some  reference 
height,  and  7  is  the  wind-speed  exponent.  The  backscat¬ 
ter  measurements  collected  with  CSCAT  and  KUSCAT 
under  low-wind  conditions,  however,  do  not  support  a 
power-law  relationship.  To  demonstrate  this.  Figures  4 
a  and  b  plot  the  measured  crosswind  <7®  (cr®^)  versus  the 
upwind  (7®  (cr®p)  in  dB.  If  a  power  law  exists,  there  should 
be  the  linear  relationship  as  described  below: 

cr®^  =  ^  •  o'up  "f  ^ogiQ  [Pcs)  ~  ^  [Pup]  1 

where  7^^  and  7c5  are  the  upwind  and  crosswind  wind- 
speed  exponents.  The  data  clearly  shows  that  a  lin¬ 
ear  relationship  does  not  hold.  Therefore  a  power-law 
relationship  cannot  be  used  over  all  winds  to  describe 
the  backscatter-wind  dependence.  Additionally,  since  the 
above  analysis  is  independent  of  U,  a  power  law  describ¬ 
ing  the  backscatter  dependence  on  any  other  parameter 
(ie.  frictional  velocity)  also  should  not  be  used  for  low- 
wind  cases  (or  low  backscatter  values). 

The  departure  from  a  power  law  seems  to  be  due  to 
the  rapid  decrease  of  the  backscatter  values,  especially  in 
the  crosswind  direction,  with  decreasing  wind  speed  as 
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Fig.  3.  a  and  b  plot  five  consecutive  a®  scans  measured  with  CSCAT 
and  KUSCAT  during  low-wind  conditions.  The  CMOD4  and 
SASS-II  model  functions  have  been  overlaid  and  their  wind 
speed  and  direction  inputs  to  these  models  were  chosen  such 
that  they  agreed  with  the  upwind  direction  measurements. 

the  wind  drops  below  approximately  5  ms“^.  Donelan 
and  Pierson  developed  a  model  (DP87)  [5]  that  offers  an 
explanation  for  this  rapid  decrease  in  backscatter  and  is 
overlaid  on  Figures  4  a  and  b.  The  model  explains  that  the 
rapid  decrease  in  the  backscatter  power  is  due  to  viscous 
dampening.  As  the  wind  speed  decreases,  the  dampen¬ 
ing  forces  due  to  viscosity  overcome  the  wave  generating 
forces  of  the  wind,  and  as  a  result,  the  capillary-gravity 
waves  are  suppressed.  Therefore,  the  backscatter  due  to 
Bragg  scattering  from  these  waves  drops  off  to  unmeasur¬ 
able  quantities.  The  measurements  tend  to  support  this 
model.  A  polynomial  fit  to  the  data  shows  the  same  char¬ 
acteristics  as  the  DP87  model.  The  differences  between 
the  fit  and  the  DP87  model  can  be  explained  by  spatial 
averaging.  At  the  low  winds,  the  increased  temporal  and 
spatial  variability  of  the  wind  direction  smooths  out  the 
deep  nulls  that  are  shown  in  Figure  3.  If  the  spatial  aver¬ 
aging  of  the  measurements  is  increased  to  25  km,  the  data 
in  Figure  4  approaches  the  predicted  response  of  CM0D4 
and  SASS-II.  The  effects  of  spatial  averaging  are  more  ap¬ 
parent  in  the  KUSCAT  data  than  the  CSCAT  data.  This 
is  due  to  the  fact  that  KUSCAT’s  footprint  was  almost 
an  order  of  magnitude  larger  than  CSCAT's  since  it  flew 
at  a  much  higher  altitude,  and  therefore  its  backscatter 
measurements  have  been  smoothed  more  than  CSCAT’s. 

Although  the  drop  outs  noticed  in  the  CSCAT  and  KUS¬ 
CAT  data  will  not  be  apparent  in  satellite-based  backs¬ 
catter  measurements  whose  resolution  is  on  the  order  of 
25  km  X  25  km  or  larger,  the  wind  estimates  derived  from 


Fig.  4.  a  and  b  plot  versus  <7®^  measurements  from  CSCAT  and 
KUSCAT.  The  predicted  response  from  CMOD4,  SASS-II  and 
DP87  models  are  overlaid.  The  best  fit  curves  are  polynomial 
fits  to  the  data. 

these  measurements  may  be  high  since  the  average  backs¬ 
catter  values  will  be  biased  towards  the  higher  winds  in 
the  footprint.  To  fully  understand  this  problem,  high  tem¬ 
poral  and  spatial  resolution  backscatter  measurements  un¬ 
der  low-wind  conditions  need  to  be  studied  and  the  effects 
of  spatial  averaging  better  understood. 
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Abstract  -  The  accuracy  of  wind  measurements  with 
scatterometer  techniques  depends  on  the  particular  geo¬ 
physical  model  function  used  in  the  retrieval  algorithm. 
Discrepancies  among  existing  model  functions,  developed 
based  on  a  mixture  of  aircraft  and  satellite  backscatter 
data  acquired  two  decades  ago,  will  result  in  differences 
in  retrieved  wind  fields.  The  Jet  Propulsion  Laboratory 
airborne  Ku-band  NUSCAT  scatterometer  was  used  to  ob¬ 
tain  an  extensive  data  set  over  a  wide  range  of  wind  con¬ 
ditions  to  provide  a  more  accurate  study  of  ocean  radar 
backscatter  signatures.  Backscatter  was  measured  during 
the  Surface  Wave  Dynamics  Experiment  in  an  oceanic 
area  off  the  US  East  coast.  Backscatter  data  were  ob¬ 
tained  for  both  horizontal  and  vertical  polarizations,  in¬ 
cidence  angles  from  10®  to  60®,  and  wind  speeds  up  to 
15  m  •  s“^.  The  measured  results  are  compared  with  cal¬ 
culated  values  to  assess  the  existing  geophysical  model 
functions  for  applications  to  ocean  surface  wind  retrieval. 


INTRODUCTION 

Ku'band  scatterometer  technology  has  been  demon¬ 
strated  and  will  be  used  to  monitor  global  ocean  wind 
fields  from  spaceborne  sensors  such  as  the  NASA  Scat¬ 
terometer  (NSCAT)  [1].  Algorithms  for  retrieval  of  wind 
speeds  and  directions  from  scatterometer  data  utilize  ab¬ 
solute  radar  returns  as  well  as  relative  azimuth  modu¬ 
lations  of  backscatter.  The  accuracy  of  the  wind  re¬ 
trieval  depends  on  the  particular  geophysical  model  func¬ 
tion  used  in  the  algorithm. 

Among  the  existing  geophysical  model  functions  are 
RADSCAT  [2],  SASS-I  [3],  and  SASS-II  [4,  5]  developed 
based  on  aircraft  and  satellite  backscatter  data  acquired  in 
the  1970s.  With  advances  in  both  scatterometer  and  buoy 
technologies,  an  extensive  scatterometer  data  set  over  a 
wide  range  of  wind  conditions  will  allow  a  better  assess¬ 
ment  of  the  ocean  radar  backscatter  for  the  ocean  surface 
wind  retrieval. 

In  this  paper,  Ku-band  backscatter  functions  of  neutral 
wind  are  studied  based  on  the  NUSCAT-SWADE  data 
base.  NUSCAT  is  an  airborne  Ku-band  scatterometer 
developed  by  the  Jet  Propulsion  Laboratory.  NUSCAT 
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was  used  to  measure  ocean  backscatter  during  the  Sur¬ 
face  Wave  Dynamics  Experiment  (SWADE).  Ten  flights 
resulted  in  30  hours  of  data  collection  were  conducted  on 
the  NASA  Ames  Cl 30  aircraft  during  SWADE  in  Febru¬ 
ary  and  March  of  1991  off  the  coast  of  Maryland  and  Vir¬ 
ginia  over  several  ocean  buoys.  NUSCAT  data  together 
with  buoy  wind  speeds  and  directions  are  used  in  this 
analysis. 

AZIMUTH  MODULATIONS 

A  second  harmonic  function  has  been  adopted  to  describe 
ocean  aziumth  modulations  in  radar  backscatter  cr®  [2, 
3,  4,  6],  This  function  is  determined  by  three  different 
coefficients  Aq,  Ai,  and  A2  as  follows 

=  Ao(l7,0,P) 

+  Ai(U,0,P)cos(x) 

+  A2(U,e,P)cos(2x) 

where  Aq  is  the  mean  backscatter,  Ai  is  for  the  upwind 
and  downwind  asymmetry,  and  A2  is  for  the  difference  in 
backscatter  extrema.  Each  of  these  coefficients  depends 
on  wind  speed  U,  incidence  angle  and  polarization  P 
(HH  or  VV).  Angle  x  is  the  azimuth  defined  with  respect 
to  upwind  where  y  =  0.  In  the  geophysical  model  func¬ 
tions,  wind  speed  U  is  the  neutral  wind  speed  t/iv(19.5  m) 
at  the  height  of  19.5  m  above  sea  surface  level  [2,  3,  4,  5]. 

During  the  NUSCAT  flights  on  the  C130,  a  difference 
between  operational  and  desired  pitch  angles  of  the  air¬ 
craft  caused  a  tilt  of  the  antenna  axis  with  respect  to 
the  nominal  incident  angle.  As  a  result,  the  incidence 
angle  Wcls  modulated  as  the  antenna  scanned  through 
the  360®  azimuth.  Extraneous  harmonics  were  thereby 
created  in  the  measured  signals  by  the  beating  between 
the  incidence  angle  modulations  and  the  physical  ocean 
backscatter  modulations.  To  account  for  this  effect,  a  har¬ 
monic  analysis  method  independent  of  a  priori  geophysical 
model  functions  is  developed,  tested,  and  implemented. 
This  method  also  finds  the  upwind  backscatter  maximum 
without  relying  on  buoy  data  for  wind  direction  measure¬ 
ments.  In  this  method,  there  are  two  problems  need  to 
be  considered.  First,  there  exist  different  solutions  for 
wind  directions  at  azimuth  angles  with  180®  apart.  This 
causes  a  confusion  between  upwind  and  downwind  direc¬ 
tions.  To  resolve  this  problem,  we  use  buoy  data  for  wind 
directions  which  need  to  be  known  only  to  within  ±90®  for 
this  purpose.  The  second  problem  occurs  when  the  wind 
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direction  is  parallel  to  the  azimuth  direction  where  the 
incidence  modulation  is  an  extremum.  In  this  situation, 
the  information  carried  in  the  backscatter  data  alone  is 
not  adequate  to  separate  the  contributions  by  the  ocean 
modulations  and  by  the  incidence  modulations  to  the  to¬ 
tal  first  harmonic  term.  In  these  cases,  significant  errors 
are  incurred  when  the  variations  in  the  incidence  angle  are 
very  close  to  the  sinusoidal  form.  To  avoid  the  errors,  we 
exclude  cases  where  retrieved  wind  angles  are  close  to  the 
extremum  azimuth  angles  of  the  incidence  modulation. 

OCEAN  BACKSCATTER 

We  apply  the  above  method  to  the  NUSCAT  backscat¬ 
ter  data  to  determine  azimuth  modulations  in  ocean 
backscatter  over  the  wind  conditions  encountered  during 
SWADE.  For  the  results  below,  we  exclude  cases  with 
large  swells  and  sea  surface  temperature  differences  across 
the  Gulf  Stream  boundary  to  avoid  complicated  air  and 
sea  conditions.  Buoy  measurements  at  the  closest  time 
and  location  to  NUSCAT  are  selected  to  correlate  with 
the  backscatter  data.  We  will  present  the  results  in  terms 
of  upwind,  downwind,  and  crosswind  backseat tering  co¬ 
efficients  (<Ty,  cr^,  and  cr°,  respectively),  which  determine 
the  coefficients  Aq,  Ai,  and  A2  in  the  backscatter  har¬ 
monic  function  with  the  following  relations 

^0  =  +  2cr°) 

^1  = 

^2  =  \{(rl  +  o-rf  -  2(T°) 

To  check  the  data  processing,  we  examine  the  result  of  a 
case  obtained  during  Flight  1  on  27  February  1991  over 
buoy  44015  (Discus  E),  where  NUSCAT  was  less  than  10 
km  from  the  buoy  and  within  2.4  minutes  from  buoy  wind 
measurements  and  13.6  minutes  from  buoy  wave  data  ac¬ 
quisitions.  The  wind  direction  obtained  by  NUSCAT  was 
at  289®,  which  was  very  close  to  the  wind  direction  at 
294®  measured  by  Discus  E.  In  this  case,  the  wind  direc¬ 
tion  was  almost  parallel  to  the  principal  wave  direction  of 
292°  at  the  spectral  peak.  The  corresponding  directional 
wave  spectrum  measured  by  the  buoy  showed  that  most 
of  the  wave  components  propagated  in  the  same  direction 
of  the  wind.  The  wind  speed  from  buoy  was  9.8  m  -s^^  at 
4-m  height  corresponding  to  a  neutral  wind  of  11.7  m-s”^ 
at  19.5  m.  Backscatter  for  this  case  compares  well  with 
SASS-II  values. 

Fig.  1  presents  upwind  backscatter  at  incidence  angles 
from  0®  to  60®  for  the  horizontal  polarization.  The  range 
of  wind  speeds  is  from  4  m  •  s""^  to  15  m  •  s^^.  NUSCAT- 
SWADE  results  represented  by  symbols  for  different  in¬ 
cidence  angles  are  compared  with  RADSCAT  results 
(continuous  curves)  and  calculated  valued  from  SASS-I 
(dashed  curves)  and  SASS-II  (dashed-dotted  curves).  Dis¬ 
crepancies  among  RADSCAT,  SASS-I,  and  SASS-II  are 
seen  in  Fig.  1.  Empirical  functions  obtained  from  NUS¬ 
CAT  data  are  also  plotted  with  the  dotted  curves.  In 


general,  NUSCAT  HH  data  are  higher  than  RADSCAT 
results.  RADSCAT  values  are  the  lowest  compared  to 
SASS-I  and  II.  Overall,  NUSCAT  HH  backscatter  com¬ 
pares  best  with  the  SASS-II  results  as  seen  in  Figure  1. 
At  10®  incidence  angle,  NUSCAT  backscatter  is  closest  to 
SASS-I;  however,  the  results  are  insensitive  to  the  wind 
speed  and  are  quite  comparable  to  each  other.  NUSCAT, 
SASS-I,  and  SASS-II  are  in  good  agreement  while  RAD¬ 
SCAT  is  low  for  incidence  angles  at  20®  and  30®.  For  40®, 
NUSCAT  fits  well  with  SASS-II  at  wind  speeds  higher 
than  10  m  '  s“^,  where  many  NUSCAT  data  are  located, 
while  RADSCAT  and  SASS-I  are  low.  For  backscatter 
cross  sections  at  50®,  NUSCAT,  RADSCAT,  and  SASS-II 
are  in  good  agreement  while  SASS-I  is  low.  At  60®,  NUS¬ 
CAT  compares  well  with  SASS-II  for  wind  larger  than  10 
m-s*"^  while  RADSCAT  is  significantly  lower.  Backscatter 
results  for  downwind  and  crosswind  directions  are  plot¬ 
ted  in  Figs.  2  and  3,  where  similar  results  are  observed. 
Note  that  at  50®,  NUSCAT  agrees  with  SASS-II,  which 
is  higher  than  both  SASS-I  and  RADSCAT.  The  analysis 
presented  in  this  paper  is  also  applied  to  ocean  backscat¬ 
ter  with  the  vertical  polarization. 


Upwind,  H  Polarization 


Wind  Speed  Ujj(  19.5m)  (m/s) 

Figure  1.  Upwind  horizontal  backscatter  functions  of  neutral 
wind  speed  at  19.5  m.  Symbols  are  for  NUSCAT  backscat¬ 
ter  data,  dotted  curves  for  NUSCAT  fits,  continuous  curves 
for  RADSCAT,  dashed  curves  for  SASS-I,  and  dashed-dotted 
curves  for  SASS-II. 
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Downwind,  H  Polarization 


Crosswind,  H  Polarization 


Wind  Speed  Ujj(19.5m)  (m/s) 


Figure  2.  Downwind  h.orizonta.1  bnckscutter  functions  of  neu¬ 
tral  wind  speed  at  19.5  m.  Symbols  are  for  NUSCAT  backscat- 
ter  data,  dotted  curves  for  NUSCAT  fits,  continuous  curves 
for  RADSCAT,  dashed  curves  for  SASS-I,  and  dashed-dotted 
curves  for  SASS-II. 

SUMMARY 

Ocean  backscatter  at  Kuband  was  successfully  measured 
by  the  Jet  Propulsion  Laboratory  NUSCAT  scatterom- 
eter  during  SWADE  over  a  wide  range  of  wind  speeds. 
NUSCAT  results  for  ocean  backscatter  in  terms  of  up¬ 
wind,  downwind,  and  crosswind  radar  returns  are  com¬ 
pared  to  airborne  RADSCAT  results  and  to  SASS-I  and 
II  geophysical  model  functions  versus  neutral  wind  speed. 
NUSCAT  backscatter  is  closest  overall  to  SASS-II  val¬ 
ues,  fit  best  with  SASS-I  at  10^  incidence  angle,  and  are 
significantly  higher  than  RADSCAT.  Empirical  relations 
between  backscatter  and  neutral  wind  speed  are  derived 
for  10°  to  40°  incidence  angles.  An  error  analysis  of  the 
derived  relations  show  an  overall  deviation  factor  in  the 
order  of  1  dB  for  ocean  signatures  including  uncertainties 
in  surface  conditions. 
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Abstract:  New  results  have  been  obtained  from  both  the  K^- 
band  Scatterometer  and  from  the  in-situ,  large  area  estimates 
of  surface  wind  stress  and  direction  during  the  SWADE  1991 
experiment.  These  results  address  the  accuracy  of  the  K^-band 
model  function  for  estimating  the  magnitude  of  the  friction 
velocity,  and  the  ability  of  the  azimuthal  scatterometer  data  to 
estimate  the  wind  direction.  They  demonstrate  an  excellent 
accuracy  for  estimating  friction  velocity  magnitude.  But  they 
show  the  potential  for  frequent  errors  in  estimating  wind 
direction  because  of  small  upwind/downwind  differences  in 
the  radar  cross  section  at  the  lower  incidence  angles;  however 
accuracy  improves  at  the  higher  incidence  angles.  These 
results  provide  useful  information  in  the  development  of 
NSCAT/ADEOS  algorithms. 

INTRODUCTION 

Scatterometer  model  functions  which  directly  estimate 
friction  velocity,  have  been  developed  and  are  being  tested 
with  radar  and  in-situ  data  acquired  during  the  Surface  Wave 
Dynamics  Experiment  of  1991.  Both  K^-band  and  C-band 
scatterometers  were  operated  simultaneously  for  extensive 
intervals  for  each  of  10  days  during  SWADE.  The  model 
function  developed  previously  from  the  FASINEX  experiment 
converts  the  K^-band  RCS  measurements  into  friction  velocity 
estimates  [1].  Each  azimuth  scan  can  be  analyzed  to 
determine  the  upwind  direction  at  the  angular  position  of  the 
maximum  of  the  radar  cross  section.  These  are  compared  to 
in-situ,  estimates  of  surface  wind  stress  and  direction  across 
a  wide  area  both  on  and  off  the  Gulf  Stream  (for  hourly 
intervals),  which  were  determined  from  buoy  and 
meteorological  measurements  during  February  and  March, 
1991.  The  Ky-band  estimates  of  u*  magnitude  are  in  excellent 
agreement  with  the  in-situ  values  [2].  The  C-Band 
scatterometer  measurements  were  concident  with  the  K^-band 
RCS,  whose  u*  estimates  are  then  used  to  calibrate  the  C- 
band.  The  results  show  the  C-band  RCS  dependence  at  20,30, 
40  and  50  degrees  to  be  less  sensitive  to  friction  velocity  than 
the  corresponding  cases  for  K^-band.  The  goal  is  to  develop 
the  capability  of  making  friction  velocity  estimates  (and 
surface  stress)  from  radar  cross  section  data  acquired  by 
satellite  scatterometers. 

IN-SITU  MEASUREMENTS 

In  this  study  the  results  from  the  wave  simulation  forced 
by  the  wind  field  of  Oceanweather,  Inc.  (OWI)  was  used. 
This  wind  field  was  derived  by  intensive  manual  kinematic 


reanalysis  using  all  conventional  and  special  SWADE 
meteorological  data.  Details  of  the  wind  field  reanalysis 
procedures  and  methodologies  is  described  in  Cardone  et  al. 
(1995).  The  intent  of  the  OWI  analysis  is  to  resolve  the 
"synoptic  scale"  wind  field  at  three-hourly  intervals  on  a  grid 
of  spacing  0.5  deg  in  latitude  and  longitude  covering  the 
western  North  Atlantic  or  SWADE  REGIONAL  domain.  The 
accuracy  of  the  wind  field  was  determined  by  comparing  the 
measured  winds  in  the  SWADE  array  off  the  middle- Atlantic 
East  Coast  with  the  model  winds  at  the  four  closest  grid 
points  surrounding  the  buoy  location.  The  surface  stress  is 
calculated  as  a  function  of  both  wind  speed  at  10  meters  and 
the  stage  of  wave  development  (i.e.,  a  sea-state  dependent 
drag  coefficient). 

Ku-BAND  MODEL  FUNCTION  STUDIES 

These  radar  cross  section  measurements  were  converted  into 
friction  velocity  estimates  using  this  FASINEX  model,  at 
specific  locations  and  times.  These  u*  estimates  will  then  be 
compared  with  the  approximately  coincident  (spatially  and 
temporally)  friction  velocity  estimates  developed  by 
Oceanweather,  Inc.  and  University  of  Miami  [4]. 

The  Ocean weather/U. Miami  friction  velocity  estimates 
were  developed  into  a  0.25°  latitude  and  longitude  grid  that 
span  the  same  regions  of  the  ocean  over  which  the  aircraft 
scatterometer  operated  (100  km  x  100  km).  The  friction 
velocity  maps  are  among  the  several  variables  (significant 
wave  height  and  dominant  frequency,  neutral  stability  wind, 
drag  coefficient  and  stress  direction)  that  were  estimated  at 
hourly  intervals  as  part  of  the  SWADE  analysis  [5]. 

Because  of  the  extensive  time  differences  among  the  radar 
estimates,  a  more  meaningful  comparison  was  to  match 
acquistion  times  of  the  radar  data  with  one  of  the  times  at 
which  the  Oceanweather/U.Miami  u*  maps  were  created. 
Each  aircraft  estimate  of  u*  represented  a  15  km  flight  path, 
and  it  was  compared  with  the  closest  u*  value  (within  0.1° 
latitude  and  longitude,  and  within  a  one-half  hour  interval) 
from  this  in-situ  model.  The  closer  these  values  agree,  the 
stronger  the  support  for  the  validity  of  the  FASINEX 
algorithm.  Data  from  8  days  within  this  period  was  combined 
into  a  plot  of  scatterometer-derived  u*  versus  the 
Oceanweather/  U.  Miami  derived  u*. 

The  comparison  between  the  2  different  u*  estimates  can 
be  seen  in  Fig.  1  for  8  days  of  data.  The  agreement  is  very 
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good.  The  vertical  errorbars  represent  4-/-15%.  A  probable 
cause  of  the  error  may  be  a  limitation  in  this  model  to 
produce  a  reliable  estimate  of  the  drag  coefficient  and  friction 
velocity  when  the  sea  spectrum  of  a  strong  mixture  of  both 
wind  driven  seas  and  incoming  swell,  whose  propagating 
directions  are  at  large  oblique  angles.  This  condition  existed 
on  February  28  and  March  6.  When  the  data  for  these  2  days 
is  omitted  from  the  comparison,  the  relative  agreement  was 
greatly  improved.  Another  possible  source  of  error  may  be 
the  result  of  the  rapid  spatial  variablity  of  \u  and  steep  drops 
in  magnitude,  and  the  limited  ability  of  the  meteorological 
model  to  precisely  position  and  resolve  the  rapid  variations  in 
these  relatively  small  regions. 

Wind  direction  estimates  also  were  compared.  The  azimuth 
scan  measurement  of  the  radar  cross  section  by  the 
scattermeter  is  acquired  over  a  span  of  about  15  km  across  a 
flight  track.  Past  experience  with  scatterometer  studies 
indicate  the  azimuthal  maximum  is  usually  observed  looking 
upwind.  Using  this  indicator  on  each  scatterometer  circular 
scan  to  estimate  the  wind  direction,  is  was  compared  with  the 
wind  direction  estimates  by  the  Oceanweather/Univ.  Miami 
group.  This  con^arison  can  be  seen  in  Figure  2  for  7  days  of 
data  for  all  incidence  angles:  20®,30°,40°  and  50°.  Numerous 
error  can  be  seen,  mostly  those  due  to  a  180°  ambiguity 
caused  by  an  inversion  of  the  RCS  maximum,  causing  it  to 
occur  when  looking  downwind  instead  of  upwind.  This  is 
more  prevalent  in  Fig.  2(a)  for  the  20  and  30  degree 
incidence  angle  results.  Fig.  2(b)  shows  the  same  comparion 
as  Fig.  2(a)  except  this  data  set  is  separated  into  only  the  40° 
and  50°  results.  Clearly,  the  40°  and  50°  incidence  angles 
have  the  fewest  errors  because  at  these  incidence  angles,  the 
RCS  maximum  occurs  looking  upwind  in  the  large  majority 
of  situations.  This  has  important  implications  for  the  NSC  AT 
model  function. 

C-BAND  MODEL  FUNCTION  STUDIES 
Development  from  SWADE  Data 

This  model  has  the  same  general  structure  (a  3  term 
Fourier  series)  as  the  K^-band  function.  C-Band  RCS  data  is 
available  at  incidence  angles  from  20°  to  50°  in  10°  steps,  and 
it  has  been  processed  to  calculate  the  3  Fourier  coefficients 
(A0,A1,A2).  Each  of  these  coefficients  was  plotted  versus  u*, 
obtained  from  the  simultaneous  K^-band  data  and  FASINEX 
algorithm. [6]  They  were  then  fit  to  power-law  functions, 
using  regression  analysis.  Only  the  AO  function  was  needed 
with  the  ERS-1  RCS  data  to  infer  the  u*  magnitude  because 
of  the  2  orthogonal  azimuth  look  directions.  . 

NORCSEX  ’91:  ERS-1  and  In-situ  Data 

The  objective  of  utilizing  the  NORCSEX  ’91  (Norwegian 
Continental  Shelf  Experiment)  data  is  to  continue  the 
evaluation  and  application  of  this  C-Band  algorithm  in 
coordination  with  the  in-situ  measurements.  This  shipboard 
data  was  acquired  during  most  of  November  1991  from  a 
research  vessel  (Haakon  Mosby)  near  western  Norwegian 
coast  (Haltenbanken)  within  the  footprint  of  the  newly 


ianuched  ERS-1  scatterometer  [3].  The  data  available  for  this 
project  spans  8  different  days  in  Nov  ’91  and  consists  of 
spatially  and  temporally  coincident  sea  surface  stress  (at  the 
ship  locations)  and  the  ERS-1  RCS  data.  Comparisons  with 
ERS-1  passes  produced  excellent  agreement  between  the 
algorithm  derived  lu  and  the  ship  measurements  [3]. 

SUMMARY 

The  next  logical  step  in  evaluating  the  FASINEX  K^-band 
model  function  has  been  performed.  The  friction  velocity 
estimates  derived  from  the  NRCS  measurements  were 
compared  with  the  best  available  spatial  and  temporally 
coincident  data  on  a  scale  that  had  not  previously  possible. 
The  surface  conditions;  winds,  waves  and  momentum  flux, 
provided  by  the  OWI  techniques  are  the  best  compromise  data 
set  that  is  available  with  which  to  compare  the  scatterometer 
results.  They  represent  a  major  innovation  in  estimating 
conditions  at  the  air-sea  interface  over  a  wide  area.  However 
future  extension  of  these  studies  are  clearly  indicated,  to 
continue  the  development  of  this  technique.  Some  of  the 
assumptions  used  in  this  analysis  will  be  critically  re¬ 
examined,  to  see  if  some  of  the  discrepancies  can  be  reduced. 
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Comparison  of  u*  from  Scatterometer  NRCS  with  in-situ  estimates 


u*from  H.  Graber  and  OW/AES  wind  model,  m/s 


Figure  1.  Eight  Day  comparison  from  temporally  and  spatially  coincident  estimates  between  scatterometer 
estimates  versus  those  from  Oceanweather/Univ.  Miami.  Solid  line  represents  equality;  dashed  line  represents 
the  regression  line. 


Compare  Wind  Dir.,  Inc.  Angles  =  20  &  30 


Compare  Wind  Dir.,  Inc.  Angles  =  40  &  50 


(a)  (b) 

Figure  2:  Separate  incidence  angle  comparisons  between  scatterometer-  derived  wind  direction  and  estimates 
from  Oceanweather/Univ.  Miami  group,  (both  H  8c  V-polarizations) 
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Abstract  -  Measurements  of  wind  wave  scattering 
made  by  the  Yscat  ultra  wide- band  radar  are  used  to 
study  the  statistics  of  the  sea  surface  radar  backscat¬ 
ter.  As  a  comparison  tool,  a  simple  model  based 
on  composite  Bragg  scattering  theory  is  developed 
and  incorporated  in  a  Monte  Carlo  simulation.  The 
power  and  velocity  distributions  are  computed  from 
both  empirical  and  simulated  data.  Comparison  sug¬ 
gests  that  the  composite  scattering  model  accurately 
predicts  the  qualitative  behavior  of  the  radar  return 
for  incidence  angles  between  30°  and  50°  for  both  V 
and  H  polarization,  but  that  other  scattering  mech¬ 
anisms  begin  to  influence  the  return  at  20°  and  60° 
incidence  angles.  While  it  has  been  postulated  that 
additional  scattering  mechanisms  (e.g.,  wave  break¬ 
ing  and  wedge  scattering)  may  contribute  to  the  total 
scattering,  our  results  suggest  that  such  scatterers  do 
not  significantly  contribute  to  the  total  radar  cross 
section  for  incidence  angles  between  30°  and  50°. 


1.  INTRODUCTION 

The  Yscat  scatterometer  was  deployed  for  six  months  in 
1994  on  the  Canada  Center  for  Inland  Waters  (CCIW) 
Research  Tower  at  Lake  Ontario  and  collected  over  3500 
hours  of  data  at  2-18  GHz  and  a  variety  of  wind  speeds, 
relative  azimuth  angles,  and  incidence  angles.  This  paper 
considers  the  distribution  of  the  radar  cross  section  and 
the  velocity  in  terms  of  the  composite  model.  Section  II 
describes  tne  Yscat 94  experiment  and  comparison  model. 
Section  III  considers  the  power  distribution  while  Section 
IV  considers  the  velocity  distribution.  A  summary  is  pro¬ 
vided  in  Section  V. 

11.  EXPERIMENT  AND  MODEL 

The  goal  of  the  Yscat 94  experiment  was  to  obtain  mea¬ 
surements  of  the  radar  cross  section  under  a  wide  vari¬ 
ety  of  environmental  conditions  in  Lake  Ontario.  The 
fetch  varies  from  1  to  300  km  but  averages  about  6  km. 
The  Yscat  instrument  is  an  ultra-wide  band  (2-18  GHz) 
Doppler  radar.  The  antenna  system  provides  a  nearW 
constant  5°  beam  width  over  most  of  the  operating  band¬ 
width.  Ten  Hz  measurements  of  the  Doppler  bandwidth, 
Doppler  centroid,  and  echo  power  were  made  along  with 
30  s  averages  of  wind  speed  and  direction  at  10  m,  rain, 
temperature,  and  rms  weight  height  [1]. 

A  simple  model  is  used  to  compare  Yscat94  data  with 
scattering  theory.  The  small  Yscat  antenna  footprint  (1 
m)  is  on  the  order  of  a  few  “coherence  areas,”  the  typi¬ 
cal  size  over  which  the  surface  scatterers  are  correlated. 
In  the  composite  model  the  water  surface  is  composed  of 
small  independent  “patches”  whose  individual  cross  sec¬ 
tions  are  given  by  small  perturbation  theory.  The  patches 
are  tilted  oy  underlying  long  waves  or  swell  which  changes 
the  cross  section  by  changing  the  local  incidence  an^e. 
The  total  cross  section  is  the  sum  of  the  cross  section  of 
the  individual  patches  illuminated  by  the  antenna  foot¬ 
print.  The  distribution  is  thus  dependent  on  the  distribu¬ 
tion  of  the  wave  slopes,  which  is,  in  turn,  dependent  on 
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the  wave  spectrum.  In  our  simple  model  the  reflection 
coefficients  are  given  by  small  perturbation  theory  [4]. 
The  Donelan  wave  spectrum  [3],  which  was  developed  at 
the  same  site  as  Yscat94,  is  used. 

The  composite  model  requires  a  cutoff  between  long 
waves  (those  that  tilt  the  surface)  and  very  short  (Bragg) 
waves.  Since  the  Yscat  footprint  size  is  approximately  1 
m,  we  have  computed  the  slope  as  the  first  order  fit  to 
a  stochastic  realization  of  a  2/3  meter-sized  water  sur¬ 
face  in  the  simulation.  The  distribution  of  slopes  is  then 
calculated  by  forming  a  random  realization  of  the  sea 
surface  with  amplitudes  from  the  Donelan  spectrum  and 
uniformly-distributed  phases,  and  allowing  the  various 
spectral  components  to  propagate  through  the  antenna 
footprint  according  to  the  wave  dispersion  equation. 

The  measured  velocity  of  the  Bragg  waves  is  affected 
by  wind  drift  and  hydrodynamic  modulation  by  the  un¬ 
derlying  waves.  Each  of  the  small  patches  in  the  compos¬ 
ite  model  is  tilted  and  advected  by  any  underlying  long 
waves  or  swell  which  changes  its  cross  section  by  chang¬ 
ing  the  apparent  incidence  angle  and  line-of-sight  (LOS) 
velocity.  Wedge  scatterers  and  breaking  waves  are  asso¬ 
ciated  with  longer  wavelength  waves  and  therefore  have 
different  phase  velocities. 

In  the  simulation  the  LOS  velocity  of  a  point  is  de¬ 
termined  by  integrating  the  LOS  velocity  over  the  range 
of  wave  frequencies  thought  to  contribute  to  the  velocity 
of  the  patch.  The  patch  velocity  found  by  integrating 
the  point  velocities  over  the  entire  patch.  The  intrinsic 
velocity  of  the  Bragg  scatterers  (both  upwind  and  down¬ 
wind  components)  is  then  added  to  the  LOS  velocity  of 
the  patch  along  with  the  drift  velocity.  Note  that  the  av¬ 
erage  centroid  velocity  measured  by  a  scatterometer  will 
be  the  weighted  average  of  the  upwind  and  downwind 
traveling  waves  plus  the  superimposed  wind  drift.  While 
this  velocity  model  is  overly  simplified,  it  is  useful  for 
comparison  to  Yscat94  data. 

III.  POWER  DISTRIBUTION 

Histograms  of  empirical  and  simulated  measurements 
were  computed  using  0.5  dB  bins  centered  on  the  mean 
return  power.  Each  histogram  consists  of  600  measure¬ 
ments,  corresponding  to  one  minute  of  1/10  s  measure¬ 
ment.  Once  the  individual  histograms  have  been  com¬ 
puted,  all  of  the  histograms  which  correspond  to  the 
same  measurement  parameters  (e.g.  wind  speed,  direc¬ 
tion,  frequency)  are  averaged  together  to  estimate  the  av¬ 
erage  histogram.  Since  we  are  interested  in  the  average 
shape  of  the  distribution,  the  mean  of  each  distribution 
is  first  normalized  and  tne  corresponding  bins  averaged 
together.  The  mean  is  then  added  back  in.  This  was  done 
to  minimize  the  effects  of  slow  changes  in  system  gain  or 
other  parameters  which  aren’t  relevant  to  the  shape  of 
the  distribution.  A  sample  result  is  shown  in  Fig.  1. 

As  long  as  the  range  of  incidence  angles  is  small,  the 
dependence  of  the  radar  cross  section  on  incidence  an¬ 
gles  is  approximately  exponential  and  the  resulting  dis¬ 
tribution  is  log-normal  [2].  The  Weibull  distribution  has 
also  been  suggested  [7].  The  normalized  histograms  are 
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Power  (dB) 

Figure  1.  Sample  histogram  and  fitted  distributions. 

fitted  to  log-normal  and  Weibull  distributions  by  mini¬ 
mizing  the  L2  norm  [6]  as  illustrated  in  Fig.  1.  While 
the  empirical  distribution  has  more  of  an  upper  tail  than 
the  log-normal,  a  similar  tail  is  visible  in  tne  simulation 
data  and  is  thus  predicted  by  the  composite  model.  Since 
the  log-normal  describes  the  actual  distributions  well,  the 
mean  and  variance  of  log-normal  distribution  serve  as  a 
compact  and  useful  parameterization  of  the  actual  data 
distribution.  In  this  paper  we  emphasize  the  log- variance 
results  summarized  in  Fig.  2. 

The  log-variance  decreases  with  increasing  incidence 
angle.  This  agrees  with  the  composite  model  which  pre¬ 
dicts  smaller  variance  as  the  slope  of  the  incidence  angle 
dependence  (m)  decreases  and  the  antenna  footprint  in¬ 
creases.  Since  the  V-pol  incidence  angle  dependence  of 
cr^  is  much  less  for  moderate  incidence  angles  [6]  the  V- 

gol  log-variances  should  be  less  than  the  corresponding 
[-pol  log- variances,  a  conclusion  supported  by  the  data. 
Note  that  the  V-pol  log  variances  are  much  less  variable 
than  the  H-pol. 

The  log-variances  do  not  appear  to  change  strongly 
with  wind  speed.  The  simulation  results  have  similar 
log-variance  values  and  exhibit  the  same  incidence  an¬ 
gle  dependence.  However,  the  simulation  results  sug¬ 
gest  that  the  log-variance  should  vary  more  with  wind 
speed.  When  viewed  in  light  of  the  composite  model,  it 
is  clear  that  the  fluctuations  of  the  local  incidence  angle, 
which  increase  with  wind  speed,  should  increase  the  log- 
variance  of  the  radar  return  as  in  the  simulation.  How¬ 
ever,  if  the  coherence  area  of  the  surface  decreases  with 
wind  speed,  the  antenna  footprint  averages  over  more  in¬ 
dependent  areas,  decreasing  the  variance  of  the  measure¬ 
ments.  If  the  coherence  length  is  decreased  by  a  factor 
of  two  over  the  wind  speed  range  (corresponding  to  an 
increase  by  a  factor  of  four  in  the  number  of  independent 
areas)  the  resulting  wind  speed  dependence  in  the  simu¬ 
lation  is  similar  to  that  observed  in  the  empirical  data. 
While  some  empirical  work  has  been  done  on  the  size  of 
the  coherence  area  the  results  were  insufficient  to  deter¬ 
mine  the  wind  speed  dependence  [8] .  Our  results  suggest 
that  coherence  area  decreases  with  increasing  wind  speed. 

Representative  generalizations  can  be  made  by  com¬ 
paring  simulation  and  empirical  results.  Qualitatively, 
the  simulations  compare  quite  well  with  the  data  for  most 
cases.  At  moderate  (30°-50°)  incidence  angles  and  wind 
speeds  the  distributions  are  quite  log-normal.  A  distinct 
upper  tail  is  visible  (see  Fig.  1)  in  both  the  simulation 
and  the  ernpirical  data.  It  has  been  suggested  that  the 
upper  tail  is  caused  by  additional  scatterers  such  as  wave 
breaking  or  sea-spikes.  However,  this  cannot  be  the  case 
in  the  simulated  data  since  no  attempt  was  made  to  in¬ 
clude  wave  breaking  in  the  model.  There  are  smaller  tails 
at  mid-incidence  angles  (40°  and  50°)  suggesting  that  the 
source  of  the  tails  might  be  the  “nonlinearity”  of  the  slope 
dependence  of  (j°,  wnich  is  more  severe  at  the  extremes 
of  the  incidence  angle  range.  Since  the  tails  are  visible 
in  both  the  simulation  ana  empirical  data,  care  must  be 
taken  when  interpreting  the  upper  tail  of  the  distribution 
as  the  result  of  non- Bragg  scattering.  At  least  a  por¬ 


tion  of  this  upper  tail  can  be  explained  by  the  composite 
model  [6].  At  20°  incidence  angle,  the  simulation  data 
shows  evidence  of  quasi-specular  scattering  as  a  spike  in 
the  distribution  suggesting  that  Bragg  scattering  alone 
can  not  adequately  describe  this  case.  The  spike  is  not 
visible  in  the  empirical  data. 

At  60°  incidence  angle  a  strong  lower  tail  develops  in 
the  simulation  data  due  to  the  steep  roll  off  of  the  Bragg 
contribution  to  the  model  that  occurs  at  about  70°  [6]. 
However,  this  tail  is  absent  in  the  empirical  data,  sug¬ 
gesting  that  some  mechanism  is  adding  to  the  incidence 
angle  dependence  as  the  Bragg  contribution  drops  off. 
It  has  been  noted  by  several  researchers  that  the  mean 
radar  cross  section  does  not  drop  off  with  incidence  an¬ 
gle  as  predicted  by  Bragg  scattering  [9].  It  has  also  been 
postulated  that  either  wave  breaking  or  wedge  scattering 
becomes  important  at  high  incidence  angles  [9].  Since 
breaking  waves  occur  relatively  infrequently,  the  distribu¬ 
tion  of  a  combination  of  wave  breaking  and  Bragg  scatter¬ 
ing  might  appear  very  much  like  that  of  Bragg  scattering 
alone,  with  a  few  high  power  events  in  the  upper  tail  rais¬ 
ing  the  overall  mean.  On  the  other  hand,  the  distribution 
of  a  wedge  scattering  plus  Bragg  scattering  model  could 
appear  like  the  Bragg  only  distribution  with  the  lower 
tail  being  truncated  by  the  addition  of  the  low  cross  sec¬ 
tion  wedge  scattering.  The  lack  of  a  lower  tail  in  the  60° 
incidence  angle  data  supports  this  latter  description  of 
wedge  plus  Bragg  scattering. 

IV.  VELOCITY  DISTRIBUTIONS 

The  distribution  of  the  radar  return  as  a  function  of  fre¬ 
quency  gives  a  measure  of  the  range  of  velocities  under 
illumination  by  the  radar.  To  compute  the  Doppler  dis¬ 
tributions  the  discrete  power  measurements  are  binned 
according  to  the  velocity  estimated  for  that  measure¬ 
ment.  Histograms  of  the  Doppler  measurements  for  a 
given  radar  parameter  set  are  averaged  together  and  nor¬ 
malized  to  produce  distributions.  While  Sightly  skewed, 
the  distributions  are  nearly  normal. 

The  centroid  of  the  Doppler  spectrum  is  a  measure  of 
the  effective  LOS  velocity  of  the  surface  as  seen  by  the 
radar.  The  LOS  velocity  predicted  by  the  model  is  eas¬ 
ily  determined  via  the  simulation  and  sheds  some  light  on 
the  qualities  of  the  composite  model.  At  20°  and  3Cr  inci¬ 
dence  the  model  predicts  the  Doppler  centroid  velocities 
quite  well  for  both  V-pol  and  H-pol.  Both  the  magni¬ 
tude  and  the  measured  wind  drift  are  in  good  agreement 
between  the  model  and  the  empirical  data.  At  40°  and 
50°  incidence  the  model  significantly  under-predicts  the 
Doppler  centroids  at  low  wind  speeds  but  the  difference 
decreases  with  increasing  wind  speed.  The  wind  drift 
predicted  by  the  model  is  slightly  nigh.  At  60°  incidence 
the  model  significantly  under-predicts  the  Doppler  cen¬ 
troids  for  all  wind  speeds  by  about  50%.  This  behavior 
is  typical  of  all  the  frequencies  under  consideration. 

This  latter  case  points  out  a  significant  deficiency  in  the 
simple  model  used  here.  Several  assumptions  have  been 
made  which  affect  the  centroid  calculation.  First,  the  as¬ 
sumption  made  that  the  upwind  traveling  Bragg  waves 
are  1/2  the  amplitude  of  the  downwind  traveling  waves 
is  only  tenuously  supported  by  empirical  data.  Chang¬ 
ing  the  relationship  between  the  upwind  and  downwind 
traveling  waves  has  a  significant  effect  on  the  predicted 
velocity  of  the  Bragg  waves.  In  addition,  the  hydrody¬ 
namic  modulation  of  the  small  wave  spectrum  has  been 
completely  ignored  in  the  simple  model.  Hydrodynamic 
mocfulation  suggests  that  an  underlying  wave  “stresses” 
the  small  Bragg  waves  as  it  passes.  The  result  is  a  mod¬ 
ulation  of  the  amplitude  of  the  Bragg  waves  which  is 
coherent  with  the  underlying  long  waves.  The  ensuing 
cross  section  is  dependent  on  the  relative  phase,  (/?,  of  the 
underlying  dominant  wave.  Adding  hydrodynamic  mod¬ 
ulation  to  the  model  would  move  t^he  peak  cross  section 
on  the  phase  of  the  underlying  waves  and,  hence,  change 
the  measured  Doppler  centroid.  Movement  of  the  peak 
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Braffg  spectral  amplitude  to  a  faster  portion  of  the  wave, 
might  explain  the  discrepancy  between  the  model  and  the 
empirical  data. 

We  note  that  there  is  no  evidence  of  high  speed  scatter- 
ers  in  the  Doppler  centroid  data  for  incidence  angles  less 
than  60®.  Altnough  the  empirical  velocity  measurements 
can  be  slightly  higher  than  those  predicted  by  the  sim¬ 
ple  simulation,  they  are  on  the  order  of  those  predicted 
for  Bragg-type  scatterers  rather  than  those  of  breaking 
waves  or  of  scattering  wedges. 

The  Doppler  distribution  emphasizes  higher-power 
portions  of  the  return.  To  study  the  lower-power  por¬ 
tion,  the  power-velocity  histograms  are  normalized  by 
the  total  number  of  measurements  in  each  bin,  rather 
than  with  the  total  power  in  the  whole  signal.  The  re¬ 
sulting  distributions  are  called  the  average  cross  section 
velocity  distributions.  In  general,  the  average  cross  sec¬ 
tion  velocity  distributions  are  similar  for  the  empirical 
and  simulated  data.  Though  there  is  an  offset  in  the  dis¬ 
tribution  peaks,  the  slope  of  the  slow  speed  dependence, 
and  the  general  shape  of  the  velocity  profile  is  in  very 
good  agreement,  suggesting  that  the  composite  model  of 
Bragg  scattering  is  in  fact  valid  over  much  of  the  range 
observed  by  the  Yscat  radar.  However,  at  60®  incidence 
angle  and  to  a  lesser  extent  at  50®,  the  upwind,  V-pol 
empirical  distributions  are  narrower  than  the  predicted 
distributions. 

While  the  scattering  mechanism  is  the  same  for  both 
V-pol  and  H-pol  the  majority  of  the  power  is  scattered 
from  a  rather  narrow  region  of  the  wave  velocity  profile 

[6].  Because  this  region  is  different  between  V-pol  and 
H-pol,  there  is  some  velocity  difference  between  the  po¬ 
larizations.  In  both  the  empirical  and  simulated  data 
the  H-pol  return  is  consistently  “faster”  than  the  corre¬ 
sponding  V-pol  return.  This  difference  is  likely  due  to 
the  differences  between  the  slope-cross  section  relation¬ 
ship,  which  is  steeper  for  H-pol  than  V-pol  [4].  In  any 
c^e,  the  differences  between  the  H-pol  and  V-pol  veloc¬ 
ities  are  consistent  with  Bragg  scattering. 

Our  results  suggest  that  the  composite  scattering 
model  accounts  for  the  majority  of  the  characteristics  of 
the  velocity  statistics  [6j.  Based  on  the  theoretical  ve¬ 
locity  of  breaking  waves,  contributions  from  these  events 
would  increase  the  width  of  the  Doppler  distributions. 
However,  if  these  events  occur  very  infrequently,  their  ef¬ 
fects  may  not  be  visible  in  the  average  Doppler  histogram. 

V.  SUMMARY 

The  simplified  model  used  in  this  paper  is  based  on  the 
composite  model.  The  simulation  data  appears  to  agree 
with  the  empirical  data  qualitatively,  although  the  vari¬ 
ance  of  the  simulated  data  shows  more  wind  speed  de¬ 
pendence  than  is  evident  in  the  empirical  data.  It  is  sug¬ 
gested  that  a  decrease  in  the  coherence  area  can  account 
for  this  lack  of  wind  speed  dependence  in  the  empirical 
data. 

The  composite  model  accurately  predicts  the  incidence 
angle  dependence  of  the  distribution  variance,  as  well  as 
the  differences  between  the  H-pol  and  the  V-pol  distri¬ 
butions.  Simulations  show  that  the  model  q^ualitatively 
agrees  with  the  shape  of  the  empirical  distributions.  In 
particular,  the  region  from  30®  to  50°  incidence  angle 
seems  to  be  in  good  agreement  with  the  composite  model, 
with  no  evidence  of  additional  scattering  mechanisms  in 
the  empirical  data.  The  simulation  also  reveals  that  the 
upper  tail  of  the  observed  distribution  can  be  explained 
within  the  composite  model.  Quasi-specular  scattering 
seems  to  be  very  important  at  20®  and  wave  breaking 
contributions  are  evident  at  60® . 

At  20°  -  40°  incidence  angles,  the  simulation  accu¬ 
rately  predicts  the  observed  Doppler  centroids.  At  50® 
and  60^  the  simulation  under-predicts  the  Doppler  cen¬ 
troids.  This  may  be  due  to  the  hydrodynamic  modulation 
transfer  function.  The  composite  model  predicts  a  slight 
difference  in  the  Doppler  centroids  of  the  H-pol  and  V-pol 
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Figure  2.  Log  variance  vs.  wind  speed. 

data,  a  difference  found  in  the  empirical  data.  No  evi¬ 
dence  for  a  significant  contribution  from  fast  scatterers  is 

found  for  incidence  angles  less  than  60®. 
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Abstract  -  Synthetic  aperture  radar  (SAR)  images  ac¬ 
quired  over  the  Mediterranean  Sea  from  the  First  Euro¬ 
pean  Remote  Sensing  satellite  ERS-1  showing  sea  surface 
manifestations  of  katabatic  wind  fields  are  presented.  By 
using  a  mesoscale  atmospheric  model,  the  wind  field  asso¬ 
ciated  with  cold  air  flowing  from  the  mountains  through 
a  broad  valley  in  Calabria  (southern  Italy)  onto  the  sea  is 
calculated  and  compared  with  the  wind  fleld  derived  from 
an  ERS-1  SAR  image. 

INTRODUCTION 

On  synthetic  aperture  radar  (SAR)  images  of  the  sea 
surface  often  "imprints”  of  atmospheric  phenomena,  like 
atmospheric  boundary  layer  rolls  [1],  atmospheric  convec¬ 
tive  cells,  atmospheric  internal  waves  [2],  [3],  downdrafts 
from  tropical  rain  cells  [4],  meteorological  fronts,  wakes 
and  vortices  behind  isolated  islands,  land  and  sea  breeze, 
and  katabatic  wind  flelds  can  be  delineated.  They  be¬ 
come  visible  on  radar  images  because  they  are  associated 
with  a  variable  wind  velocity  at  the  sea  surface  which 
modulates  the  sea  surface  roughness  and  thus  the  radar 
backscattering.  By  using  a  wind  scatterometer  model  [5], 
one  can  convert  the  gray  level  variations  in  the  SAR  im¬ 
age  into  wind  speed  variations  provided  the  wind  direc¬ 
tion  is  known.  The  wind  direction  often  can  be  inferred 
from  "wind  streaks”  visible  on  the  SAR  image.  In  this 
paper  we  discuss  sea  surface  manifestations  of  katabatic 
wind  fields  visible  on  ERS-1  SAR  images  acquired  over  the 
Mediterranean  Sea  (Tyrrhenian  Sea)  off  the  coast  of  Cal¬ 
abria  (southern  Italy).  For  an  ERS-1  SAR  image  showing 
a  mushroom-type  wind  field  off  the  coast  of  Gioia  Tauro 
(Calabria),  a  numerical  simulation  with  a  mesoscale  atmo¬ 
spheric  model  has  been  carried  out  which  yields  -  among 
others  -  the  wind  field  at  the  sea  surface  [6].  It  is  shown 
that  the  calculated  wind  field  agrees  reasonably  well  with 
the  measured  one. 

ERS-1  SAR  IMAGES  OF  KATABATIC  WIND  FIELDS 

The  katabatic  wind  is  a  drainage  wind  current  caused  by 
the  gravitational  flow  of  cold  air  off  high  terrain.  Its  direc- 
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Fig.l:  ERS-1  SAR  image  of  a  coastal  area  in  the  Mediter¬ 
ranean  Sea  off  the  western  coast  of  southern  Italy  show¬ 
ing  sea  surface  manifestations  of  cold  air  flowing  from  the 
mountains  onto  the  sea  (right-hand  side)  and  of  atmo¬ 
spheric  convective  cells  (left-hand  side). 

tion  is  controlled  almost  entirely  by  orographic  features. 
Katabatic  winds  occur  late  in  the  evening  and  at  night 
when  the  air  in  the  mountains  has  cooled  down.  When  the 
air  flow  hits  the  sea  surface,  it  increases  its  roughness.  On 
the  radar  images  sea  surface  manifestations  of  katabatic 
wind  flelds  appear  as  white  patches  whose  forms  often 
resemble  tongues  or  mushrooms  emanating  from  valleys. 
Fig.  1  shows  an  example  of  a  wind  fleld  in  the  Tyrrhe¬ 
nian  Sea  off  the  coast  of  Calabria  associated  with  cold  air 
flowing  down  the  mountains  onto  the  sea.  This  image  was 
acquired  on  February  20,  1995,  at  21:13  UTC  (22:13  local 
time),  and  has  center  coordinates  of  39^26'/^,  15^34' F* 
(orbit  18839,  frame  783).  The  wind  fleld  has  the  form  of 
an  almost  continuous  band  stretching  along  the  coast.  The 
band  has  a  width  of  up  to  28  km.  Note  also  the  sea  sur¬ 
face  manifestations  of  atmospheric  convective  cells  in  the 
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Fig. 2:  ERS-1  SAR  image  of  the  Tyrrhenian  Sea  north  of 
the  Strait  of  Messina  showing  sea  surface  manifestations 
of  a  katabatic  wind  field  off  the  coast  of  Gioia  (white  patch 
NW  of  Gioia),  katabatic  wind  fields  off  the  coast  of  north¬ 
ern  Sicily,  and  of  atmospheric  convective  cells  (mottled 
pattern  south  of  Stromboli). 

left-hand  section  of  the  image.  They  are  formed  in  calm 
weather  when  the  air  is  cooler  than  the  water  such  that 
the  air  is  heated  from  below.  A  weather  station  located  at 
the  south-east  corner  of  the  imaged  scene  (LameziaTerme, 
38^54'/^,  reported  at  21:00  UTC  a  wind  speed  of 

2  m/s  from  270®,  and  an  air  temperature  of  9.8®C.  A  ship 
cruising  in  the  area  reported  water  temperatures  around 
16® C.  Thus  the  air-sea  interface  was  highly  unstable. 

Fig.  2  shows  another  example  of  sea  surface  manifes¬ 
tations  of  a  katabatic  wind  field  which  has  the  form  of  a 
mushroom.  This  image  was  acquired  on  Sept.  8,  1992,  at 
21:13  UTC  (orbit  6014,  frame  765),  also  over  the  Tyrrhe¬ 
nian  Sea  slightly  south  of  the  area  shown  in  Fig.  1  (center 
coordinates:  38®35'  A',  15®34'  E),  At  the  time  of  the  SAR 
acquisition  the  meteorological  station  at  Lamezia  reported 
a  wind  velocity  of  1.5  m/s  from  70®  and  an  air  temper¬ 
ature  of  16.1®C,  and  no  cloud  coverage.  The  water  tem¬ 
perature  measured  at  a  sea  station  on  the  Ligurian  islands 
was  25®C. 

NUMERICAL  SIMULATIONS 

The  flow  of  cold  air  from  the  Calabrian  mountains 
(which  have  heights  up  to  1800  m)  through  the  valley 
of  Gioia  onto  the  sea  has  been  simulated  by  using  the 
mesoscale  atmospheric  model  FITNAH  of  the  University 
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Fig. 3:  Isolines  of  wind  speed  calculated  from  the  mesoscale 
atmospheric  model  FITNAH  for  the  area  around  Gioia. 
The  heavy  line  denotes  the  1.5  m/s  isoline  of  wind  speed 
which  extends  from  the  coastline  (also  marked  by  a  heavy 
line)  onto  the  sea. 

of  Hannover  [7].  Fig.  3  shows  the  calculated  isolines  of 
wind  speed  at  a  height  of  15  m.  The  gray  shades  denote 
the  height  of  the  topography  (white  area:  sea  surface). 
Note  that  the  1.5  m/s  isoline  of  wind  speed  over  the  sea 
has  a  similar  shape  as  the  white  patch  visible  on  the  SAR 
image.  In  Fig.  4  the  isolines  of  wind  speed  in  the  y,  z  - 
plane,  where  y  denotes  the  horizontal  coordinate  in  the 
direction  normal  to  the  coastline  and  the  height  coordi¬ 
nate,  are  shown.  Note  the  strong  gradient  in  wind  speed 
at  the  front  of  the  katabatic  wind  field.  This  is  the  rea¬ 
son  why  the  sea  surface  manifestations  of  katabatic  wind 


Fig. 4:  Isolines  of  wind  speed  in  a  vertical  plane  whose 
normal  is  parallel  to  the  coast  line  as  calculated  from  the 
FITNAH  model. 
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Fig. 5:  Gray  level  scan  along  the  line  shown  in  Fig.  2 
(starting  from  the  coast).  On  the  left-hand  vertical  axis 
the  normalized  radar  cross  section  (NRCS)  is  plotted  and 
on  the  right-hand  vertical  axis  the  wind  speed  calculated 
from  the  NRCS  values  by  using  the  CMOD4  model. 

fields  usually  have  very  sharp  boundaries.  We  have  deter¬ 
mined  the  variation  of  the  normalized  radar  cross  section 
(NRCS)  along  the  line  inserted  in  Fig.  2  and  converted  it 
into  variation  of  wind  speed,  referenced  to  a  height  of  10  m, 
by  using  the  CMOD4  model  [5].  The  wind  speed  variation 
along  this  scan  line  is  plotted  in  Fig.  5.  Furthermore,  we 
have  calculated  the  horizontal  wind  velocity  at  a  height 
of  15  m  from  the  mesoscale  atmospheric  model  which  is 
shown  in  Fig.  6.  Comparison  of  both  curves  shows 
that  their  form  is  very  similar,  but  that  the  wind  speed 
inferred  from  the  SAR  image  is  slightly  higher  than  the 
one  calculated  from  the  atmospheric  model.  However,  this 
small  discrepancy  may  be  due  to  the  fact  that  the  CMOD4 
model  overestimates  the  wind  speed  when  the  wind  speed 
is  below  3  m/s  as  noted  recently  by  Rufenach  [8]. 
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Fig. 6:  Horizontal  wind  velocity  at  a  height  of  15  m  calcu¬ 
lated  from  the  FITNAH  model  as  a  function  of  distance 
from  coast. 


CONCLUSION 

Katabatic  winds  are  mesoscale  atmospheric  phenomena 
which  strongly  affect  the  micro- climate  in  coastal  regions, 
the  sea  current  pattern,  and  the  pollutant  circulation  in 
the  atmosphere  as  well  as  in  the  sea.  Although  a  detailed 
knowledge  of  katabatic  wind  fields  would  be  beneficial  to 
many  authorities,  they  have  not  been  studied  well.  This 
and  previous  studies  [1],  [2],  [3],  [9]  suggest  that  SAR  can 
provide  valuable  information  on  this  and  other  mesoscale 
phenomena  in  the  marine  atmosphere  which  are  difficult 
to  obtain  by  conventional  meteorological  measurements. 
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Abstract  -  This  paper  presents  the  results  of  an  experi¬ 
mental  study  of  ocean  internal  waves  observed  by  coastal 
and  airborne  radars.  The  radar  modulation  of  a  nmn- 
ber  of  internal  waves,  as  evidenced  by  surface  slicks,  is 
thought  to  vary,  as  does  the  wind  direction.  A  boimdary- 
layer  transition  study  was  applied  for  the  explanation  of 
radar  signals  in  X-,  Ku-,  and  ATa-bands  from  the  ocean 
surface  disturbed  by  internal  waves.  The  study  was  mo¬ 
tivated  both  by  the  need  to  find  different  wind  regimes 
above  a  slick  smoothed  by  a  current  from  an  internal  wave 
and  rough  seas  aroimd  the  slick.  The  most  significant  re¬ 
sults  show  a  strong  coupling  the  transition  zone  “slick-free 
sea  surface”  and  a  high  backscattered  signal  at  the  HH- 
polarized  image  downstream.  There  is  no  comprehensive 
theory  for  explaining  of  the  internal-wave  radar  clutter  in 
all  environmental  conditions.  Backward  radio-wave  scat¬ 
tering  by  rough  seas  at  low  grazing  angles  has  a  number 
of  peculiarities.  Field  studies  disclose  that  the  specific 
effective  scattering  surface  value  is  a  function  of  grazing 
angle,  radio  wavelength,  signal  polarization,  sea  state,  and 
internal- wave  aspect  relative  to  the  wind  direction  and  a 
number  of  other  parameters.  In  this  paper  we  present 
an  aerodynamical  model  allowing  us  to  validate  the  high 
modulation  of  an  observable  radar  cross  section  from  the 
internal  waves  in  X-  and  A’-bands. 

INTRODUCTION 

Internal  wave  detection  is  a  unique  problem  in  radar- 
detection  theory.  The  association  between  internal  waves 
and  wind  waves  has  been  known  and  explored  by  many  re¬ 
searchers  for  many  years  [1] .  Authors  [2]  describe  a  classi¬ 
fication  of  radar  images  obtained  under  low  grazing  angles 
and  in  different  environmental  conditions.  (This  paper  is 
concerned  mainly  with  the  air  dynamics  above  a  slick  and 
radar  observations  in  the  transition  zone  between  a  slick 
and  free  water.) 

The  interaction  between  turbulent  air  and  the  free  water 
surface  involves  comphcated  physical  phenomena.  There- 
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fore,  the  prediction  of  momentum  roughness  (2:0m)  over 
the  sea  surface  is  still  subject  to  some  imcertainty.  It  is 
generally  accepted  that,  for  light  winds,  the  water  sur¬ 
face  is  smooth.  In  some  experiments,  the  surface  has  been 
observed  to  be  “super-smooth.”  The  issue  is  imresolved. 
This  phenomenon  might  be  due  to  surface-tension  effects 
resulting  from  surface  films  or  other  impurities  [3].  Such 
discrepancies  can  be  due  to  the  neglect  of  atmospheric  sta¬ 
bility.  We  suggest  that  “super-smooth”  water  is  observed 
in  the  field  of  a  surface  slick  generated  by  internal  waves. 
A  surface  slick  is  a  common  feattire  of  the  surface  man¬ 
ifestation  of  internal  waves.  The  published  data  devoted 
to  the  observation  of  the  surface  manifestation  of  internal 
waves  in  different  environmental  conditions  contain  the 
description  of  the  surface  slick.  The  origin  of  this  slick  is 
so  far  unknown. 

Three  possible  mechanisms  can  be  involved  in  the 
internal-wave  slick  formation:  the  currents,  turbulence  in 
the  upper  ocean  mixed  layer  (UOML),  the  natural  films, 
and  surfactants.  The  positions  of  the  slick  relative  to  the 
internal-wave  phase  change  greatly.  The  radar  images  of 
the  internal- wave  slicks  both  in  the  visible  range  and  in  mi¬ 
crowave  bands  demonstrate  reduction  of  the  mean  square 
slopes  of  wind  waves  and  the  suppression  of  ripples  with 
A  <  10  cm  inside  the  slick.  Because  there  is  no  data 
regarding  the  value  of  the  roughness  parameter  inside  a 
surface  slick  generated  by  ocean  internal  waves,  we  sug¬ 
gest  using  the  aerodynamical  property  of  ice.  We  assume 
that  the  roughness  length  zq  over  the  slick  is  close  to  one 
over  the  ice  surface. 

SMOOTH-ROUGH  TRANSITION 

The  concept  that  the  smface  roughness  is  affected  by 
only  local  air  fiow,  which  implies  conditions  of  fiow  re¬ 
duction  downstream  from  a  smooth-rough  transition,  is  in 
agreement  with  radar  observations  of  the  sea-ice  bound¬ 
ary.  When  air  flows  from  a  smooth  to  a  rough  surface,  the 
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air  flow  decelerates  in  the  internal  boundary  layer  (IBL) 

(Fig.  1). 


water  ice,  smooth  slick  water 

above  IW 


Figure  1:  Concept  of  rough-smooth-rough  transition 

This  results  in  horizontal  convergence  and  upward  mo¬ 
tion  above  the  transition  zone  between  the  smooth  and 
rough  surface.  A  hydrod3mamically  smooth  surface  can  be 
defined  by  the  criterion  Rsq  <0.13  approximately,  where 
Reo  =  {U^zoji')  is  the  roughness  Reynolds  number,  and  i/ 
is  the  kinematic  viscosity.  In  nature,  most  surfaces  do  not 
satisfy  this  criterion,  but  often  open  water  at  low  wind 
speeds,  snow,  and  regular  ice  surfaces  are  smooth.  We 
chose  the  sea-ice  zone  to  evaluate  the  wind  structure  above 
the  train  of  smooth-rough  transitions.  This  model  might 
be  compared  with  the  situations  for  internal-wave  obser¬ 
vation.  The  value  of  zq  depends  on  the  characteristics  of 
the  surface.  For  example,  the  value  of  zq  over  ice  is  0.001 
cm.  Over  water,  the  roughness  length  zq  is  calculated  as 
a  fimction  of  friction  velocity  [4]  zq  =  0.032U^/g+  zqc, 
where  g  is  acceleration  of  gravity  and  zqc  is  a  background 
value  of  10“^  m.  When  a  turbulent  air  flow  moves  from 
an  icy  surface  to  open  water,  it  experiences  a  change  in 
turbulent  fluctuations  that  decelerates  the  mean  air  flow 
from  a  smooth  onto  a  rough  surface. 

RESULTS 

Our  experience  in  observing  surface  manifestations  of 
internal  waves  in  the  ocean  shows  the  great  variety 
of  internal-wave  signatures  with  different  modulation  of 
radar  signals.  It  was  found  that  the  internal-wave  mod¬ 
ulations  depend  strongly  on  wind  and  other  parameters 
of  atmospheric  stability.  We  consider  the  deformation  of 
wind  profile  structure  above  the  smooth-rough  transition. 

According  to  Blackadar’s  planetary  boimdary  layer 
(PBL)  model,  four  dynamical  regimes  are  possible  in  the 
near-surface  atmospheric  layer  depending  on  the  stability 
parameters  [5].  The  results  of  the  dynamics  over  ice  and 
water  for  the  height  0.01  m  from  the  surface  are  presented 
in  Table  1. 


Table  I.  Ratios  of  {Uomi-~Uo.oiw)/Uo,oiwi  where  Uo.ou 
is  the  wind  speed  above  ice  and  Uo.oiw  the  xnind  speed 
above  water  for  four  values  of  Uio  and  for  four  cases  of 
atmospheric  stability. 


Regimes: 

2  m/s 

4  m/s 

7  m/s 

10  m/s 

-Stable  case 

2% 

N/A 

N/A 

N/A 

-Mechanically 
driven  turbulence 

15% 

15% 

25% 

25% 

-Unstable  (forced 
convection) 

25% 

32% 

25% 

25% 

-Unstable  (free 
convection) 

42% 

59% 

30% 

26% 

In  all  cases  the  wind  speed  at  this  level  over  ice  is  higher 
than  over  water,  but  it  is  interesting  that  the  differences 
between  regimes  is  greater  when  Uio  is  lower.  An  incre¬ 
ment  in  the  friction  velocity  for  sea  water-ice  surface  tran¬ 
sition  is  20%,  and  doesn’t  depend  on  regimes  and  Uio  as 
well.  It  is  commonly  known  that  in  the  gravity-capillary 
region  of  the  surface  wave  spectrum,  there  is  a  hnear  in¬ 
crease  of  spectral  density  with  friction  velocity. 


Figure  2:  Radar  image  of  internal  wave 

According  to  [6]  the  strongest  friction  velocity  depen¬ 
dence  of  the  spectral  density  is  to  be  in  the  region  of  wave¬ 
lengths  between  1  and  3cm  (reaching  as  high  as  On 

the  other  hand,  the  initial  growth  rate  of  the  amphtude 
of  gravity-capillary  waves  is:  7  =  (0.1i7^/27ra;  —  2z/), 

where  uj  and  k  are  the  frequency  and  the  wave  number  of 
a  surface  wave,  and  u  is  the  kinematic  viscosity  of  water 
as  presented  in  [7].  It  is  seen  that  the  growth  rate  of  the 
amphtude  of  gravity  capillary  waves  is  a  function  of  the 
friction  velocity,  and  its  small  deviations  due  to  change  in 
turbulent  fluctuations  above  a  smooth-rough  transition  af¬ 
fect  the  growth  rate  of  small  gravity-capiUary  waves.  The 
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radar  observations  were  made  in  several  experiments,  us¬ 
ing  airborne  Xu-band  radar  in  the  New  York  Bight  ex¬ 
periment  in  July  1992,  and  shore-based  radars  of  X-,  and 
Ka-bands  in  the  COPE  experiment  of  NOAA’s  Environ¬ 
mental  Technology  Laboratory  in  September  1995  near 
the  Oregon  coast.  Figure  2  shows  a  fragment  of  the  air¬ 
borne  radar  image  at  iJlJ-polarization.  The  size  of  the 
image  is  4  x  5.5  km.  The  horizontal  cross  section  of  im¬ 
age  intensity  throughout  the  middle  part  of  the  radar  im¬ 
age  given  in  Fig.2  is  presented  in  Fig.3.  The  directions 
of  wind  and  internal-wave  propagation  are  also  shown  in 
Fig.3.  The  presented  internal-wave  modulation  was  av¬ 
eraged  over  13  realizations.  It  should  be  noted  that  the 
strong  signal  enlargement  is  seen  downstream  after  the 
area  with  the  weakest  signal.  The  analysis  of  radar  im¬ 
ages  includes  data  obtained  in  atmospheric  conditions  of 
variable  stability  and  for  a  large  number  of  different  situ¬ 
ations  when  wind  and  internal  waves  interact.  Our  radar 
observations  show  the  increased  backscatter  downwind  of 
a  smooth-rough  (shck-free  water)  transition. 


HH-pol  image 


Figure  3:  Cross  section  of  radar  image  intensity 

Additionally,  we  have  used  a  3-dimensional  mesoscale 
analysis  and  prediction  system  (MAPS)  developed  at 
NOAA’s  Forecast  Systems  Laboratory  [8].  The  modeled 
ocean  surface  with  bands  of  smooth  and  rough  waters  had 
a  ratio  between  roughness  parameters  of  rough-smooth 
surface  z^rl^os  ~  10-  The  winds  flow  across  this  train 
of  bands.  This  analysis  shows  that  the  modulus  of  ver¬ 
tical  mean  velocity  increases  with  increasing  difference  of 
roughness  lengths  and  the  strong  upward  mean  motion 
above  a  smooth-rough  transition. 

CONCLUSION 

These  results  can  be  appropriate  for  wind  -  internal- 
wave  coupling  due  to  the  slick  formation  on  the  surface  of 
the  UOML.  A  strong  modulation  of  radar  returns  in  the 


field  of  internal  wave  due  to  friction  velocity  overshoot¬ 
ing  in  a  transition  zone  of  the  rough-smooth  surface  is 
shown.  Field  observation  of  the  surface  manifestation  of 
internal  waves  demonstrates  that  the  influences  of  wind 
over  a  sea  surface  with  different  roughness  properties  gen¬ 
erating  short  ripples  in  a  “smooth-rough”  transition  zone 
can  produce  major  changes  in  radar  returns.  Again,  an 
adequate  theoretical  treatment  demands  the  use  of  fully 
nonlinear  numerical  methods  for  describing  a  delicate  bal¬ 
ance  between  two  mechanisms:  wind  waves  -  internal- 
wave  currents  coupling  and  wind-slick  coupling.  The  first 
mechanism  is  very  important  for  interpretation  of  observ¬ 
able  magnitudes  of  internal-wave  signatiues  in  decimetric 
radars,  and  the  second  one  might  be  reasonable  for  un¬ 
derstanding  “overshooting”  of  internal-wave  modulation 
in  A-,  K-  bands. 
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Abstract  We  study  the  performance  of  automatic  meth¬ 
ods  for  oil  spill  detection  in  ERS  SAR  images.  The  pre¬ 
sented  algorithm  has  three  main  parts:  (i)  detection  of 
dark  spots;  (ii)  feature  extraction;  and  (hi)  dark  spot 
classification.  The  dark  spot  detection  locates  all  spots 
which  can  possibly  be  oil  slicks  in  the  image.  For  each 
slick,  a  set  of  backseat  ter,  textural,  and  geometrical  fea¬ 
tures  are  extracted.  The  dark  spots  are  then  classified  into 
possible  oil  slicks  and  look-alikes  based  on  the  extracted 
features.  Based  on  the  current  study,  we  believe  that  a 
semi-automatic  oil  slick  identification  system  which  can 
discriminate  between  oil  slicks  and  look-alikes  can  be  de¬ 
veloped.  To  achieve  this,  some  new  features  describing  the 
surroundings  of  a  slick  and  the  slick  itself  must  be  defined 
and  tested. 

INTRODUCTION 

Synthetic  aperture  radar  (SAR)  images  from  the  ERS 
satellites  have  since  the  summer  of  1994  been  used  in 
a  pre-operational  service  for  manual  identification  of  oil 
spills  at  Troms0  Satellite  Station  in  Norway.  In  this  pre- 
operational  service,  SAR  images  of  ocean  areas  are  man¬ 
ually  inspected  to  identify  possible  oil  spills.  During  this 
pre-operational  phase,  a  large  data  set  of  SAR  images  con¬ 
taining  verified  oil  slicks  and  oil  slick  ” look-alikes”  has  been 
collected. 

In  this  paper,  we  study  the  performance  of  automatic 
methods  for  oil  spill  detection.  A  large  data  set  consisting 
of  verified  oil  slicks  and  oil  slick  look-alikes  is  used.  The 
goal  is  to  develop  a  semi-automatic  system  for  oil  spill 
detection,  in  which  dark  spots  with  a  high  probability  of 
being  an  oil  slick  are  automatically  identified.  These  possi¬ 
ble  oil  slicks  are  then  presented  to  an  operator.  Presently, 
we  do  not  believe  that  a  fully  automatic  oil  spill  detection 
algorithm  will  be  able  to  correctly  discriminate  between 
the  most  difficult  oil  slicks  and  their  look-alikes.  However, 
a  semi-automatic  procedure  will  greatly  reduce  the  num¬ 
ber  of  SAR  images  which  need  to  be  manually  inspected 
compared  to  a  fully  manual  detection  prodedure. 

An  algorithm  for  semi-automatic  detection  of  oil  spills 
is  presented.  The  algorithm  has  three  main  parts:  (i)  de¬ 


tection  of  dark  spots;  (ii)  feature  extraction;  and  (iii)  dark 
spot  classification.  The  dark  spot  detection  locates  all 
spots  which  can  possibly  be  oil  slicks  in  the  image.  For 
each  slick,  a  set  of  backseat  ter,  textural,  and  geometrical 
features  are  extracted.  The  dark  spots  are  then  classi¬ 
fied  into  possible  oil  slicks  and  ”  look-alikes”  based  on  the 
extracted  features. 

OIL  SLICKS  IN  SAR  IMAGERY 

Oil  slicks  are  visible  in  SAR  imagery  because  they  have 
a  dampening  effect  on  the  Bragg  waves  in  the  sea  (see, 
[6])-  They  will  thus  appear  as  dark  spots  in  the  SAR 
images,  compared  to  the  surrounding  sea.  Under  strong 
wind  conditions,  the  oil  will  be  quickly  resolved  and  will 
not  be  visible  in  the  image.  Under  low  to  moderate  wind 
conditions,  dark  spots  caused  by  natural  phenomena  will 
also  be  seen  in  the  image.  The  natural  dark  spots  are 
termed  oil  slick  look-alikes. 

TEST  DATA 

A  data  set  consisting  of  59  ERS-1  SAR  low  resolution 
images  (LRI)  from  Troms0  Satellite  Station  is  used  to  test 
the  performance  of  the  automatic  oil  spill  detection  algo¬ 
rithm.  These  images  have  been  manually  inspected  for  oil 
slicks  by  TSS,  as  part  of  their  manual  pre-operational  oil 
spill  identification  service. 

Of  the  59  images  in  the  test  data  set,  29  images  contain 
oil  slicks.  These  29  images  contain  a  total  of  42  oil  slicks. 
These  oil  slicks  can  be  divided  into  tree  main  categories: 

•  Thin,  linear  slicks.  16  slicks  belong  to  this  category. 
For  some  of  the  slicks,  a  bright  object  (possibly  a 
ship  or  an  oil  platform)  can  be  seen  nearby.  This 
type  of  slick  might  be  caused  by  a  moving  ship  or 
a  stationary  object  releasing  a  small  amount  of  oil 
under  certain  wind  and  current  conditions. 

•  Thin,  piecewise  linear  slicks.  15  slicks  belong  to  this 
category.  For  some  of  the  slicks,  a  bright  object  can 
be  seen  nearby.  These  slicks  might  be  caused  by  a 
moving  ship  changing  directions,  or  by  changes  in 
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SLICK  CLASSIFICATION 


current  or  wind  directions  affecting  oil  released  from 
a  stationary  object. 

•  Thick/ wide  slicks.  11  slicks  of  this  category  are 
found.  They  can  be  caused  by  a  stationary  object 
releasing  a  larger  amount  of  oil.  If  the  oil  was  re¬ 
leased  a  short  time  before  the  image  was  acquired, 
the  slick  will  have  a  regular  shape.  For  an  older  slick, 
the  wind  and  current  will  make  the  shape  of  the  slick 
more  irregular. 

The  remaining  30  images  in  the  test  data  set  contain  a 
very  large  number  of  dark  spots  which  are  not  oil  slicks. 
Such  dark  spots  frequently  occur  in  SAR  images  under 
low-wind  conditions.  In  many  ways,  these  spots  resemble 
oil  spills. 

SPOT  DETECTION 

The  developed  algorithm  for  detection  of  dark  spots  is 
based  on  adaptive  thresholding.  This  thresholding  is  based 
on  an  estimate  of  the  typical  backscatter  level  in  a  large 
window.  The  adaptive  threshold  is  set  to  k  dB  below  the 
estimated  mean  backscatter  level  in  the  region.  The  win¬ 
dow  is  moved  across  the  image  in  small  steps  to  threshold 
all  pixels  in  the  scene. 

SLICK  FEATURE  EXTRACTION 

For  each  dark  spot,  a  set  of  features  is  computed.  The 
features  constitute  general,  standard  descriptors  often 
applied  for  regions,  and  additional  features  particularly 
suited  for  oil  slick  detection. 

•  Slick  complexity:  This  feature  will  in  general  take 
a  small  numerical  value  for  regions  with  simple  ge¬ 
ometry,  and  larger  values  for  geometrical  complex 
regions. 

•  Grey  level  mean 

•  Grey  level  standard  deviation 

•  Mean  local  area  contrast  ratio:  a  measure  describing 
the  contrast  between  the  slick  and  its  surrounding. 

•  Sobel  mean  border  gradient  [2] 

•  Smoothness 

contrast  locally:  measures  the  smoothnes  of  the  slick 
compared  to  the  surroundings. 

•  Mean  border  width:  the  average  length  of  the  border 
ramp  between  the  slick  and  the  surroundings. 

•  First  invariant  planar  moments  [3]. 

•  Distance  to  bright  object:  If  a  bright  object  (a  ship  or 
an  oil  platform)  is  detected  in  the  image,  the  distance 
from  dark  spots  in  the  local  area  to  the  bright  object 
is  used  as  a  feature. 


Due  to  the  small  number  of  oil  slicks  available  for  training, 
a  classifier  which  utilizes  second-order  statistics  of  the  data 
(e.g.,  a  Gaussian  classifier)  should  not  be  used  because  the 
oil  class  will  result  in  a  singular  covariance  matrix  when 
several  features  are  used  simultaneously  in  a  multivariate 
feature  vector.  A  IG N earesT N eighbor  classifiev  [1]  will  nei¬ 
ther  be  suited  because  the  number  of  look-alikes  is  several 
orders  of  magnitude  larger  than  the  number  of  oil  slicks. 
We  have  chosen  to  use  a  hierarchical  classifier,  a  classifi¬ 
cation  tree.  A  classification  tree  is  a  nested  sequence  of 
partitions  of  the  feature  space  (see,  e.g.,  [4,  5]).  The  fea¬ 
tures  are  considered  one  at  a  time,  and  each  level  in  the 
sequence  yields  a  further  partition  of  the  feature  space. 

Training  a  tree  classifier  consists  of  identifying  the  set 
of  partitions  based  on  a  set  of  n  training  objects.  In  con¬ 
structing  the  tree,  a  one-step  look-ahead  method  is  used. 
That  is,  the  next  split  is  selected  in  an  optimal  way,  with¬ 
out  attempting  to  optimize  the  performance  of  the  whole 
tree. 

We  have  used  the  S-Plus  implementation  of  classifica¬ 
tion  trees.  A  detailed  description  of  the  methodology  can 
be  found  in  [5]. 

CLASSIFICATION  PERFORMANCE 

Because  some  of  the  features  describe  the  shape  of  the 
dark  spots,  we  will  use  several  classes  of  oil  slicks  during 
the  classification.  The  following  classes  are  used: 

•  Class  1:  Thin,  linear  oil  slicks 

•  Class  2:  Thick/wide  oil  slicks  with  a  regular  shape 

•  Class  3:  Thick/wide  oil  slicks  with  a  more  complex 
shape 

•  Class  4:  Thin,  piecewise  linear  oil  slicks 

•  Class  5:  Look-alikes. 

The  classification  tree  utilized  uses  the  fraction  of  the 
classes  in  the  training  set  to  estimate  the  prior  probability 
of  oil  slicks  vs.  look-alikes.  When  a  classification  tree  is 
trained  on  the  set  of  42  oil  slicks  and  2471  look-alikes,  the 
resulting  performance  reflects  the  effect  of  using  the  frac¬ 
tion  of  the  classes  in  the  training  set  to  estimate  the  prior 
probability  of  the  classes  (indicating  a  prior  probability  of 
look-alikes  of  0.98).  The  implementation  of  the  classifica¬ 
tion  tree  does  not  allow  the  user  to  specify  proper  prior 
probabilities  or  alternative  loss  functions.  To  overcome 
this  problem,  we  use  a  resampling  procedure  to  create  a 
new  training  data  set  with  a  more  equal  number  of  oil  slicks 
and  look-alikes:  from  the  oil  slick  classes,  n  =  100  objects 
are  sampled  from  each  class  (with  replacement),  whereas 
n  =  100  objects  from  the  look-alike  class  are  sampled  at 
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Figure  1:  (a)  Correctly  classified  oil  slicks,  (b)  Very  low-contrast  oil  slicks  which  are  misclassified  due  to  fragmentation 
during  spot  detection.  The  borders  of  the  oil  slicks  are  marked  in  white. 


random,  creating  at  new  data  set  with  equal  prior  proba¬ 
bilities. 

With  this  more  balanced  data  set,  all  oil  slicks  in  the 
training  set  were  correctly  classified,  but  3%  (87/2516)  of 
the  look-alikes  were  classified  as  oil  slicks. 

To  evaluate  the  performance  of  the  classifier  on  an  in¬ 
dependent  test  data  set,  we  use  the  leave-one-out  method 
for  error  estimation  [1].  In  a  data  set  with  n  oil  slicks, 
77  —  1  objects  are  used  for  training,  and  the  remaining  for 
testing.  This  procedure  is  repeated  n  times.  With  this 
procedure,  14%  (6/44)  of  the  oil  slicks  were  wrongly  clas¬ 
sified  as  look-alikes.  4%  of  the  look-alikes  were  classified 
as  oil  slicks. 

If  we  study  the  oil  slicks  which  are  misclassified,  they  fall 
into  three  main  categories:  (i)  thin,  piecewise-linear  slicks; 
(ii)  low-contrast  slicks  in  homogeneous  sea;  and  (iii)  slicks 
on  a  very  heterogeneous  background  where  the  dark  spot 
detection  algorithm  fails  to  define  a  clear  border  between 
the  slick  and  the  surroundings.  Fig.  1  (a)  shows  two  oil 
slicks  which  were  correctly  classified.  The  borders  of  the 
detected  slicks  are  indicated  on  the  figure.  In  Fig.  1  (b) 
two  small,  low-contrast  oil  slicks  are  shown.  These  two 
slicks  were  fragmented  during  dark  spot  detection  and  are 
misclassified  due  to  this. 

Future  research  will  include  identification  of  new  fea¬ 
tures  designed  particularly  for  these  oil-slick  categories. 
Further  prior  knowledge  of  the  conditions  will  also  be  mod¬ 
elled. 

CONCLUSIONS 

Based  on  the  current  study,  we  believe  that  a  semi¬ 
automatic  oil  slick  identification  system  can  accurately  dis¬ 
criminate  between  oil  slicks  and  look-alikes.  To  achieve 
this,  some  new  features  must  be  defined  and  tested.  A 
classifier  which  can  be  guided  by  a  manual  operator  and 
learn  from  experience  must  be  implemented.  Refinements 
of  the  spot  detection  algorithm  are  also  desirable. 
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Abstract  -  Radar  images  acquired  from  1991  to  1995  by 
the  synthetic  aperture  radar  (SAR)  aboard  the  European 
Remote  Sensing  satellites  ERS  1  and  ERS  2  have  been  used 
to  study  the  dynamics  of  internal  solitary  waves  in  the 
Strait  of  Messina.  Roughness  patterns  of  internal  waves 
which  are  imaged  by  the  SARs  are  compared  with  surface 
convergence  patterns  calculated  by  an  one-dimensional, 
two-layer  numerical  model  which  describes  the  generation 
and  propagation  of  internal  waves  in  the  Strait  of  Messina. 

INTRODUCTION 

The  Strait  of  Messina  separates  the  Italian  peninsula 
from  the  Italian  island  of  Sicily  and  connects  the  Tyrrhe¬ 
nian  Sea  in  the  north  with  the  Ionian  Sea  in  the  south. 
The  strait  is  a  narrow  channel,  whose  smallest  cross- 
section  is  0.3  km^  in  the  sill  region.  There,  the  mean  water 
depth  is  80  m.  Throughout  the  year,  two  different  wa¬ 
ter  masses  are  encountered  in  the  Strait  of  Messina:  the 
Tyrrhenian  Surface  Water  and  the  colder  and  saltier  Lev¬ 
antine  Intermediate  Water.  In  the  vicinity  of  the  Strait 
of  Messina  these  water  masses  are  separated  at  a  depth  of 
approximately  150m.  During  most  of  the  year,  a  seasonal 
thermocline  is  also  present  in  the  strait  which  overlies  this 
weak  stratification.  In  the  Strait  of  Messina  large  gradi¬ 
ents  of  tidal  displacements  are  encountered,  because  the 
predominantly  semidiurnal  tides  north  and  south  of  the 
strait  are  approximately  in  phase  opposition.  This  leads 
to  large  current  velocities  in  the  sill  region  [1].  The  first 
observation  of  internal  waves  generated  in  the  Strait  of 
Messina  was  made  by  the  synthetic  aperture  radar  (SAR) 
aboard  the  American  Seasat  satellite  [2].  In  the  follow¬ 
ing  years,  internal  waves  propagating  northwards  as  well 
as  southwards  have  been  detected  during  several  oceano¬ 
graphic  campaigns  [2],  [3],  [4]  and  by  the  thematic  mapper 
(TM)  aboard  the  Landsat  satellite  [5]. 

ERS- 1/2  SAR  IMAGES 

In  this  investigation,  we  have  analyzed  ERS  1/2  SAR 
images  acquired  during  160  satellite  overflights  over  the 
sea  areas  north  and  south  of  the  sill.  On  SAR  images 
acquired  during  77  satellite  overflights  sea  surface  mani¬ 
festations  internal  waves  could  be  delineated.  Fig.  1  shows 
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Fig.l:  ERS  1  SAR  image  of  the  Strait  of  Messina  acquired 
on  August  17,  1995,  at  2113  UTC,  12 h  26  min  after  max¬ 
imum  northward  tidal  flow  at  Punta  Pezzo. 


an  ERSl  SAR  image  (orbit:  21388,  frame:  747/765)  on 
which  sea  surface  manifestations  of  one  internal  wave  train 
propagating  southwards  and  one  propagating  northwards 
can  be  seen.  The  analysis  of  the  available  ERS  1/2  SAR 
images  shows  that  sea  surface  manifestations  of  internal 
waves  are  observed  more  frequently  during  periods  where 
a  strong  seasonal  thermocline  is  known  to  be  present, 
i.e.  during  summer.  Furthermore,  sea  surface  manifes¬ 
tations  of  southward  propagating  internal  wave  trains  can 
be  delineated  on  ERS  1/2  SAR  images  more  frequently 
than  those  of  northward  propagating  ones.  In  general, 
sea  surface  manifestations  of  southward  propagating  in¬ 
ternal  waves  are  stronger  than  those  of  northward  prop¬ 
agating  ones.  The  SAR  image  depicted  in  Fig.  1  shows 
evidence  of  such  north-south  asymmetry  in  the  sea  surface 
manifestations  of  the  internal  wave  field.  Fig.  2  shows  a 
time  versus  distance  diagram  delineating  the  propagation 
of  internal  bores  north  and  south  of  the  sill  as  inferred 
from  ERS  1/2  SAR  imagery.  In  this  figure,  the  position  of 
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Fig. 2:  Space-time  diagram  delineating  the  northward  and 
southward  propagation  of  the  leading  edge  of  internal 
wave  trains  in  the  Strait  of  Messina  as  inferred  from 
ERS  1/2  SAR  imagery.  Diamonds  refer  to  observations 
made  between  July  and  September,  triangles  to  observa¬ 
tions  made  between  April  and  June,  squares  to  observa¬ 
tions  made  between  October  and  December,  and  stars  to 
observations  made  between  January  and  March.  The  lines 
are  least-square  fits. 


the  leading  edge  of  internal  wave  trains  referenced  to  the 
time  of  maximum  northward  tidal  flow  at  Punta  Pezzo 
is  depicted.  The  lines  are  least-square  fits  which  yield 
for  the  northward  propagating  waves  an  average  propaga¬ 
tion  speed  of  l.OOms"^  and  for  the  southward  propagating 
waves  0.91  ms”^.  From  this  figure,  the  time  of  release  of 
internal  bores  from  the  sill  can  be  estimated:  Southward 
propagating  internal  bores  are  released  from  the  sill  be¬ 
tween  1  to  5  hours  after  maximum  northward  tidal  flow 
at  Punta  Pezzo,  northward  propagating  internal  bores  are 
released  from  the  sill  between  8  to  12  hours  after  maxi¬ 
mum  northward  tidal  flow  at  Punta  Pezzo.  Fig.  3  shows 
the  spatial  separation  between  the  first  two  internal  soli¬ 
tary  waves  of  northward  and  southward  propagating  wave 
trains  as  a  function  of  the  distance  from  sill  as  inferred 
from  ERS  1/2  SAR  imagery.  This  plot  shows  that,  in  gen¬ 
eral,  the  spatial  separation  between  the  first  two  internal 
solitary  waves  of  southward  propagating  wave  trains  is 
smaller  in  the  period  from  July  to  September,  where  a 
strong  seasonal  thermocline  is  known  to  be  present,  than 
in  the  period  from  October  to  June. 

NUMERICAL  MODEL 

The  numerical  model  is  based  on  nonlinear,  weakly 
non-hydrostatic,  shallow-water  equations  for  a  two-layer 
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Fig. 3:  Spatial  separation  between  the  first  two  internal 
solitary  waves  of  northward  and  southward  propagating 
wave  trains  as  a  function  of  distance  from  sill  as  inferred 
from  ERS  1/2  SAR  imagery.  Diamonds  refer  to  observa¬ 
tions  made  between  July  and  September,  triangles  to  ob¬ 
servations  made  between  April  and  June,  the  square  refers 
to  an  observation  made  between  October  and  December, 
and  the  star  to  an  observation  made  between  January  and 
March. 
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ocean.  It  depends  on  one  space  variable  only,  but  it  re¬ 
tains  several  features  of  a  fully  three-dimensional  model 
by  including  a  realistic  bottom  topography  and  a  variable 
channel  width.  Fig.  4  shows  the  form  of  the  interface  at 
six  different  times  of  the  tidal  cycle  as  calculated  from  this 
model.  At  the  bottom  of  this  figure  the  depth  profile  used 
in  the  numerical  simulations  is  shown.  We  have  carried 
out  the  simulations  with  an  undisturbed  interface  depth 
of  30  m  and  a  relative  density  difference  between  the  two 
water  layers  of  0.0015.  These  parameters  are  typical  for 
a  well  developed  seasonal  thermocline.  During  northward 
tidal  flow  (Fig.  4a),  an  interfacial  depression  develops 
north  and,  during  southward  tidal  flow  (Fig.  4d),  an  in¬ 
terfacial  depression  develops  south  of  the  sill.  When  the 
tidal  flow  slackens,  internal  bores  are  released  from  the 
sill,  which  propagate  in  the  first  case  southwards  and  in 
the  second  case  northwards.  These  internal  bores  then  de¬ 
cay  into  trains  of  internal  solitary  waves.  However,  north¬ 
ward  propagating  internal  solitary  waves  have,  in  general, 
smaller  amplitudes  than  southward  propagating  ones  (see  , 
Fig.  4b  and  4e).  Fig.  5  shows  a  space- time  diagram 
delineating  the  evolution  of  the  surface  convergence  pat¬ 
terns  associated  with  internal  waves  as  calculated  from  the 
model.  The  gray  levels  indicate  the  strength  of  the  sur¬ 
face  convergence  and  are,  to  first  order,  proportional  to 
the  variation  of  the  backseat tered  radar  power.  The  time 
of  internal  bores  release  from  the  strait’s  sill  as  calculated 
by  the  model  (Fig.  5)  and  as  inferred  from  ERS  1/2  SAR 
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imagery  (Fig.  2)  agree  quit  well. 
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Fig. 4:  Form  of  the  interface  between  the  two  layers  at 
different  phases  of  the  tidal  cycle  as  a  function  of  distance 
from  the  sill  (x=0)  as  calculated  by  the  numerical  model. 
The  time  t=:0  corresponds  to  maximum  northward  tidal 
flow  (T  is  the  tidal  period).  In  the  bottom  panels  the 
depth  profile  is  depicted.  The  vertical  dotted  lines  mark 
the  position  of  the  sill. 
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Fig. 5:  Space- time  diagram  showing  the  evolution  of  inter¬ 
nal  waves  in  the  Strait  of  Messina  as  a  function  of  distance 
from  the  sill  (x=0)  and  time  after  maximum  northward 
tidal  flow  (t=0)  as  calculated  by  the  model. 


CONCLUSION 

The  analysis  of  available  ERSl/2  SAR  data  of  the 
Strait  of  Messina  and  adjacent  sea  areas  show  that  (1) 
sea  surface  manifestations  of  internal  waves  propagating 
northwards  as  well  as  southwards  are  visible  on  SAR  im¬ 
ages,  (2)  sea  surface  manifestations  of  internal  waves  are 
observed  more  frequently  during  periods  where  a  strong 
seasonal  thermocline  is  known  to  be  present,  (3)  sea 
surface  manifestations  of  southward  propagating  internal 
wave  trains  are  more  often  visible  on  SAR  images  than 
those  of  northward  propagating  internal  wave  trains,  (4) 
southward  propagating  internal  bores  are  released  from 
the  strait’s  sill  in  the  period  from  1  to  5  hour,  northward 
propagating  internal  bores  in  the  period  from  8  to  12  hour 
after  maximum  northward  tidal  flow,  (5)  the  spatial  sep¬ 
aration  between  the  first  two  internal  solitary  waves  of 
southward  propagating  wave  trains  is  smaller  in  the  period 
from  July  to  September  than  in  the  period  from  October 
to  June. 

Numerical  simulations,  performed  with  different  values 
for  the  density  difference  between  the  two  water  layers 
and  for  the  depths  of  the  undisturbed  interface,  indicate 
that  most  of  the  time  the  observed  internal  wave  field  is 
associated  with  the  seasonal  thermocline  rather  than  with 
the  interface  between  the  Tyrrhenian  Surface  Water  and 
the  Levantine  Intermediate  Water  in  the  Strait  of  Messina. 
The  north-south  a^^ymmetry  in  the  internal  wave  field  is  a 
consequence  of  the  asymmetry  of  the  channel  topography. 
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Abstract  The  present  paper  contains  the  results 
obtained  in  Gulf  Stream  region  under  intense 
rainfall  conditions  in  July-August,  1992.  The 
spacebome  SAR  "  ALMAZ  "  images  and  microwave 
data  of  measurements  conducted  by  research  vessel 
"  Academic  Ioffe  "  are  analyzed.  Shipbome  active 
and  passive  remote  instmments  were  probing  the 
sea  surface  in  0.6  -  8  cm  wave  length  range  of 
electromagnetic  waves.  This  made  it  possible  to 
investigate  the  rainfall  influence  on  a  damping  of 
surface  waves  m  different  frequency  ranges  and 
minimized  also  the  cloud  influence  on  estimates 
of  rain  rate  with  brightness  temperature  data.  Joint 
analysis  of  spacebome  SAR  observations, 
microwave  shipbome  and  in  situ  data  allowed  to 
explain  some  SAR  images  features  associate  with 
rainfall  and  to  study  radiobrightness  and 
backscattering  of  sea  surface  perturbed  by  rain. 

1.  INTRODUCTION 

Interpretation  of  rainfall  footprints  displayed  on 
SAR  images  of  sea  surface  require  an  adequate 
model  of  rainfall  impact  on  perturbed  sea  surface. 
The  comprehensive  review  of  the  current  state  of 
affairs  in  this  area  can  be  found  in  [1]  where  a 
synthetic  description  of  theoretical  developments, 
laboratory  experiments  over  many  years  of  research 
is  presented.  Crucial  factors  of  microwave  scattering 
and  selfemission  characteristics  having  opposite 
effects  are  as  follow: 

a)  damping  of  wind  waves  as  a  result  of 
turbulence  induced  by  rain  in  boundary  layer.  The 
process  involves  positive  feedback  effects:  short 
gravity-capUlary  waves  strip  an  energy  of  longer 
waves  due  to  interwave  interaction,  initial 
smoothing  of  roughness  eases  wind  stress,  which 
impedes  the  growth  of  longer  waves.  Smoothing  of 
roughness  results  in  decrease  of  microwave 
backscatter  cross  section  at  mean  incident  viewing 
angles; 

b)  depth  of  turbulence  layer  increases  with  rain 
rate  and  number  of  bigger  rain  drops,  so  wave 

0-7803-3068-4/96$5.00©1996  IEEE 


damping  is  supposed  to  be  intensified.  However, 
rain  drops  of  large  diameters  produce  splash 
stractures  (“stalks”,  “crowns”,  ring  waves)  which 
increase  microwave  scattering. 

Actual  conditions  (wind  speed,  rain  duration  and 
rate)  determining  the  dominance  of  either  effect  are 
not  specified  so  far.  In  a  number  of  laboratory 
experiments  [  2,  3  ]  with  the  increase  of  rain  rate 
was  registered  orily  microwave  backscattering 
increase  while  several  spacecraft  observations  [  4, 
5  ]  have  shown  both  decrease  and  increase  of 
backscattering. 

Microwave  radar  and  scatterometer  are  known 
to  register  variations  of  gravitation-capiUary  waves 
which  meet  the  Bragg  resonance  scatter 
conditions,  while  emission  peaks  registered  by 
radiometers  are  induced  by  surface  wave 
components  which  meet  radio  emission  resonance 
conditions  [6].  Combination  of  microwave  active 
and  passive  remote  sensing  techniques  thus  offers 
additional  opportunities  for  the  study  of  sea  surface 
and  is  expected  to  turn  out  most  effective  in 
investigation  of  sea  surface  under  rainfall,  in 
particular  [5]. 

Since  rainfall  causes  changes  in  surface 
roughness  spatial  spectrum  over  a  wide  range  of 
wave  numbers,  sensing  should  be  performed  in  a 
wide  range  of  electromagnetic  waves  and  viewing 
angles  using  a  set  of  radiometers  and  scatterometers 
operating  in  millimeter,  centimeter  and  decimeter 
wave  length  bands.  The  results  of  the  such  sensing 
are  presented  in  this  paper. 

2.  INSTRUMENTATION 

The  microwave  remote  sensing  set  installed  on 
the  research  vessel  and  used  to  study  the  sea 
surface  patterns  included  the  radiometers  and  the 
scatterometer.  Tfie  shipbome  radiometers  provided 
measurements  in  the  EM-band  wave  length  range 
of  0.6  to  8  cm  at  vertical  and  horizontal 
polarization  with  a  fluctuation  sensitivity  better 
0.15K.  The  Ku-band  scatterometer  was  providing 
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Fig.l.  SAR  image  of  the  test  area 


the  relative  power  ineasurements  accurate  to  0.2-0.3 
dB. 

SLAR,  installed  on  the  spacecraft  "Almaz- 1", 
was  operating  at  EM-wave  equal  to  9.6  cm,  the 
incident  angles  were  equal  to  20°-65°,  the 
resolution  was  equal  tol3  m  to  azimuth  and  to 
13-19  m  to  range  for  the  orbit  about  300  km. 

3.  ATMOSPHERIC  PROCESSES  AT  TEST  SITE 
(  August  3  to  5,1992) 

In  early  August  the  polar  front  passed  northward 
of  the  test  area.  Late  on  August  3  the  pressure 
began  dropping  down,  the  wind  got  stronger,  to  10 
m/s,  cumulonimbus  and  thick  cumulus  clouds 
appeared.  The  cyclone  disturbance  formed  in  the 
test  area.  On  August  4  heavy  rains  were  falling 
periodically,  the  test  area  found  itself  within  a  low- 
gradient  baric  field  crossed  by  cold  front. 

4.  RESULTS  AND  DISCUSSION 

The  manifestation  of  this  front  on  SAR  image  is 
shown  in  Fig.  1.  The  dark  band  on  the  left  upper 
part  of  the  image  which  is  an  area  of  reduced 
backscattering,  must  be  a  sea  surface  manifestation 
of  an  atmospheric  front.  The  white  ring  structure  in 
the  central  parts  of  image  may  be  interpreted  as  the 
surface  manifestation  of  the  wind  diverging  from 
the  rain  core  and  associated  with  a  dawndraft  [  1  ]  . 


The  selected  rectangular  area  includes  the  ship 
trace  (  white  line  )  and  the  dark  spots  of  strongly 
reduced  backscattering  which  are  the  surface 
manifestations  of  rainfalls. 

Fig.2  displays  the  SAR  signal  power  variations 
along  the  vessel  track  and  corresponding  to  it 
shipbome  S-  band  and  Ku  -  band  radiometric 
records.  The  comparison  of  these  data  shows  the 
coincidence  of  radiobrightness  maximums  with 
reduced  radar  backscattering  areas  at  all  channels. 
The  correlation  coefficient  between  S-  and  Ku  - 
band  signals  was  as  high  as  0.88.  The  correlation 
radar  data  with  radiometric  data  was  about  0.8-0.82. 

The  straightforward  observations  and  the 
estimates  of  rain  rates,  obtained  due  to  the  model 
calculations  with  multifrequency  radiometric  data 
used,  showed  that  the  rain  rate  was  as  hight  as  30  - 
35  mm/hr  in  this  case.  As  analysis  shows,  the 
estimates  satisfactory  coincide  with  the 
measurement  results  independently  of  a  viewing 
angle  and  a  probing  EM  -  wave  length.  This  proves 
that  in  an  area  with  moderate  and  moderately- 
heavy  rains,  where  there  is  a  damping  of  gravity  - 
capillary  waves,  the  emission  of  sea  surface  can  be 
calculated  by  application  of  the  first-order 
scattering  coefficients  for  the  respective  polarization 

The  radometeric  data  associate  with  the  bright 
echo,  which  is  observed  in  the  left  lower  comer  of 
the  selected  area  and  attributes  to  rain  splash 
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Fig.2  SAR  signal  power  and  radiobrightness 
records  along  the  ship  track. 

products  [  1  ],  provide  evidence  that  in  the  heavy 
rain  are  radiobridhtness  temperatures  are  depend  on 
frequently  and  incident  angle.  The  calculations 
conducted  without  considering  of  splash  products 
influence  on  an  emission  pattern  of  sea  surface 
differ  essentially'  from  the  experimental  data.  The 
joint  analysis  of  data,  obtained  at  incident  angles 
30°  and  70°  ,  make  it  possible  to  determine  the 
limiting  values  of  radiobrightness  temperatures, 
caused  by  wind  fluctuations  (  the  slopes  of  the 
radiation  -  wind  dependency  in  S-band  are  +0.45 
and  -0.4  respectively)  and  select  the  increase  due  to 
splash  products  only.  It  is  equal  to  14K  at  angle  30° 
and  8  K  at  angle  70°.  These  values  exceed  2.5-3 
times  calculated  ones  for  a  smooth  surface. 

5.  CONCLUSIONS 

The  conducted  studies  show  that  emission 
patterns  of  a  sea  surface  perturbed  by  rain  are 
different  essenti^y  depending  on  a  rain  rate.  It 
allows  together  with  active  microwave  instruments 


to  use  microwave  radiometers  for  rainfall 
perturbation  investigations  and  to  improve  relevant 
models. 

The  results  show  that  an  application  of  the 
multifrequency  radiometric  set  makes  it  possible  to 
obtain  an  additional  information  to  explain  the 
SAR  image  features  of  sea  surface  agitated  by  rain. 
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Abstract  -  The  Doppler  spectrum  of  microwave 
radar  signal  backseat tered  from  the  ocean  sur¬ 
face  at  intermediate  incidence  angles  (15°  <  ^  < 
25°)  is  considered.  It  is  shown  that  Doppler 
spectrum  form  and  shift  at  these  incidence  an¬ 
gles  are  very  sensitive  to  appearance  of  the 
slicks  on  the  ocean  surface. 

It  is  known  that  in  case  of  backseat tering  of 
microwave  radar  signal  from  the  ocean  surface, 
the  incidence  angle  interval  15°  <  0  <  25°  is  in¬ 
termediate  between  the  specular  (  ^  <  15°  )  and 
the  Bragg  {0  >  25°  )  areas.  If  the  incidence  an¬ 
gle  value  lies  >vithin  the  mentioned  interval  both 
the  specular  and  the  Bragg  parts  are  present  in 
backscattered  signal.  Consequently,  the  signal 
Doppler  spectrum  also  consists  of  two  parts: 

S{f)  =  CT%SB{f)  +  <T%Ss,U) 

where  /  is  the  temporal  frequency,  and 
cr°p  are  the  Bragg  and  the  specular  cross  sec¬ 
tions,  relatively,  and  Ss^Ssp  are  the  spectrum 
form  factors  normalized  to  unity: 

/oo 

SB,Mdf  =  1 

-oo 

The  formation  of  two  partial  spectra  is  influ¬ 
enced  by  different  mechanisms.  The  Bragg  part 
is  formed  by  the  motion  of  the  resonant  ripples 
in  the  field  of  orbital  velocity  caused  by  large 
ocean  waves.  Its  maximum  position  is  deter¬ 
mined  by  the  ripple  phase  velocity,  as  well  as 
by  correlation  between  the  orbital 
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Fig.l.  The  Doppler  spectrum  of  X-band  (A  = 
3.2cm)  radar  signal  backscattered  from  undis¬ 
turbed  windsea  at  wind  speed  6  m/s.  The 
incidence  angle  9  =  23°,  the  azimuthal  angle 
$  =  180°  (upwind  observation).  The  dushed 
curve  1  is  the  Bragg  part  of  the  spectrum,  the 
dushed  curve  2  is  the  specular  one,  and  the  solid 
curve  3  is  the  spectrum-sum  (full  spectrum). 

velocity  and  the  tilts  of  large  waves  which  mod¬ 
ulate  the  amplitude  of  backscattered  signal  [1]. 
As  to  the  specular  part,  it  is  formed  by  the  mo¬ 
tion  of  specular  points  on  the  large-scale  sur¬ 
face.  This  motion  is  closely  connected  with  the 
phase  velocity  of  large  ocean  waves.  (The  de¬ 
tailed  consideration  of  specular  spectrum  pa¬ 
rameters  can  be  seen  in  [2].) 

Due  to  the  difference  between  the  values  of 
the  large  wave  phase  velocity  and  the  orbital 
velocity  the  maxima  of  the  partial  spectra  are 
displaced  from  each  other  and  the  spectra  are 
not  fully  overlapped,  as  a  rule.  In  Fig.l  the 
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-50.0  0.0  50.0  100.0  150.0  Hz 

Fig. 2.  The  same  that  in  Fig. 2  but  at  pres¬ 
ence  of  the  slick  which  causes  the  cross  section 
decrease  by  4  dB. 

partial  spectra  and  the  spectrum  -  sum  for  the 
X-band  radar  signal  are  shown.  These  spectra 
are  calculated  for  the  case  of  fully  developed 
windsea  which  is  described  by  the  JONSW^AP 
ocean  wave  spectrum  model  added  with  direc¬ 
tional  factor  [3]. 

The  radar  platform  is  assumed  to  be  station¬ 
ary,  the  incidence  angle  ^  =  23°,  the  azimuthal 
angle,  i.e.,  the  angle  between  the  radar  wave- 
number  horizontal  projection  and  the  direction 
of  the  ocean  wave  propagation  ^  =  180°  (upwind 
observation),  the  wind  speed  value  is  6  m/s. 


-50.0  0.0  50.0  100.0  150.0  Hz 

Fig.3.  The  full  spectra  for  undisturbed  wind- 
sea  (curve  1)  and  windsea  disturbed  by  the  slick 
(curve  2);  all  the  parameters  are  the  same  as  in 
Fig.l  and  Fig. 2.  Here  the  difference  in  reflec¬ 
tivity  in  two  cases  is  taken  into  account. 


Here  the  Bragg  part  of  cross  section  exceeds  the 
specular  one  approximately  by  5  dB. 

If  a  slick  on  the  ocean  surface  appears  the 
Bragg  scattering  decreases  and  the  spectrum  of 
backscattered  signal  changes  strictly,  the  corre¬ 
spondent  situation  is  shown  in  Fig. 2.  It  is  as¬ 
sumed  here  that  the  specular  part  of  backscat- 
tering  remains  the  same,  whereas  due  to  the 
decrease  of  the  Bragg  part  the  full  cross  section 
decreases  by  4  dB  [4].  It  is  seen  that  the  re¬ 
sulting  spectrum  changes  its  form  and  is  shifted 
approximately  by  50  Hz.  Really  the  effect  must 
be  even  more  pronounced  since  the  slick  causes 
some  increase  of  specular  backscattering  due 
to  the  increase  of  the  effective  Fresnel  coeffi¬ 
cient  which  accounts  the  ripples  influence  on 
the  specular  backscattering  [5].  However,  the 
latter  effect  is  not  studied  qualitatively  yet. 

In  Fig.3  the  solid  curves  from  Fig.l  and  Fig. 2 
are  plotted  with  the  difference  between  the 
cross  section  values  in  two  cases  taken  into  ac¬ 
count.  It  is  seen  that  both  cross  section  change 
and  Doppler  spectrum  form  and  shift  changes 
are  well  pronounced.  Nevertheless,  it  should  be 
noted  that  unlike  cross  section  Doppler  spec¬ 
trum  form  and  shift  are  not  influenced  neither 
by  fluctuations  of  water  temperature  and  salin¬ 
ity  nor  by  radar  power  stability. 
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In  remote  sensing  of  ocean  the  study  of  wind  wave  field  is  of 
interest  in  its  own  right,  since  in  a  number  of  cases  its  spatial 
inhomogeneity  may  serve  as  an  indicator  of  the  state  of  the 
ocean  surface  layer  -  the  existence  of  vortices,  fronts,  internal 
waves,  surfactant  concentration,  etc.  Wind-driven  waves  vary 
under  the  influence  of  inhomogeneous  flows,  which  indicates 
the  presence  of  flows  [1,2].  Therefore,  the  nature  of  the 
spatially  inhomogeneous  spectrum  of  waves  can  be  the  initial 
information  for  determining  the  surface  flow  velocities  [5,6]. 

EXPERIMENTAL  RESULTS 

The  purpose  of  the  aerial  survey  was  to  study  the  structure 
of  the  water  flow  in  a  strait  between  two  islands.  The  aerial 
survey  was  subdivided  into  two  types:  a  survey  of  the  water 
surface  of  the  strait,  and  survey  of  the  flows  by  a  float  method 
[7].  The  strait  was  covered  by  parallel  routes  across  the  strait 
with  both  ends  tied  into  the  island.  This  allowed  us  to  obtain 
the  spectra  of  the  sea  surface  image  by  using  the  well-known 
optical  method  [3,8].  Images  of  the  same  part  of  the  sea  made 
it  possible  to  obtain  well-transmitted  featnres  of  the  waves 
and  the  flow  nature.  The  choppy  water  regions,  foam  bands, 
etc.  were  clearly  evident  in  the  region  of  the  frontal  zone. 

Current  surveys  were  made  by  routes  along  direction, 
crossing  the  strait  at  its  narrowest  part,  which  is  about  22  km 
wide.  The  floats  were  dropped  about  every  500m,  and  then 
twice  with  an  interval  of  15  to  20  minutes  a  survey  was  made 
of  the  entire  “chain”  of  float.  After  survey  the  materials  were 
processed  with  the  well-known  procedure  in  [8],  vector 
schemes  were  obtained  for  the  movement  of  the  floats  for 
each  route.  The  scheme  of  the  flows  shown  that  value  of  the 
flow  velocity  value  was  small  on  the  right  (0.2  to  0.3  m/s)  and 
large  (1.3  to  1.6  m/s)  on  the  left  from  some  boundary.  The 
spatial  change  in  the  flow  velocity  occurred  quite  sharply  in  a 


relatively  narrow  region,  and  it  corresponds  to  the  position  of 
the  front  along  the  strait  seen  on  the  camera  output.  This  was 
the  line  on  which  the  whitecaps  are  concentrated,  and  there 
was  strong  wave  breaking. 

As  the  boundary  between  the  end  of  flows  was  approached, 
the  wind  waves  change  on  the  following  way.  On  the  right 
side,  far  from  the  boundary,  a  system  of  ordinary  two- 
dimensional  wind  driven  waves  was  observed.  Fourier 
spectrum  obtained  from  the  image  of  the  water  surface  is 
given  in  Fig.  la  as  isolines  of  the  intensity  on  the  plane  for  the 
wave  number  k  and  angle  9  (cp  -  is  the  angle  between  the 
wave  vector  and  a  chosen  direction).  Here  it  is  possible  to 
define  a  rather  clearly  of  system  of  wind  waves,  whose 
energy-bearing  maximitm  corresponds  to  a  wave  of  length  'k  « 
8.5  m.  The  general  direction  of  wave  propagation  makes  an 
angle  cp  «160’  with  the  horizontal  axis  across  the  current 
flow,  which  approximately  agrees  with  the  direction  of  the 
wind  velocity,  whose  magrritude  was  5-7  m/s.  Near  the 
frontal  line  the  waves  consisted  of  the  several  system  of 
waves.  Figures  lb  shows  the  spectrum  at  a  point  located 
nearer  to  the  front  line.  It  is  possible  to  distinguish  two 
systems  of  waves  whose  propagation  direction  differ  by  about 
120“ .  Fig.  Ic  represents  the  wave  spectrum  in  the  immediate 
proximity  of  the  frontal  zone,  where  it  is  diffrcult  distinguish 
any  wave  systems  with  a  clear  propagation  direction.  The 
angular  distribution  for  the  waves  in  the  frontal  zone  is  nearly 
isotropic.  Here  an  intensive  choppy  water  and  rips  was 
observed.  To  the  left  of  the  boundary  there  was  clearly  seen  a 
system  of  typical  two-dimensional  waves  propagating  to  the 
left.  The  spectrum  (Fig.  Id),  once  again  clearly  shows  one 
system  of  waves,  with  its  direction  of  propagation  making  an 
angle  close  to  180“  with  the  horizontal  axis  across  the  current 
flow. 


Fig.  1  Spectrum  of  the  water  surface  image 
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FORMULATION  OF  THE  PROBLEM 


To  describe  the  wind  wave  evolution  on  nonuniform 
current  we  use  the  spectral  wave  action  balance  equation: 


dN{k,r,t)_dN  dN  dk  dN  dr 
dt  dt  dk  dt  dr  dt 


■G 


(1) 


Where  -  is  the  wave  action  spectral  density 

which  depends  on  the  wave  vector  k  ={k^,k^}, 

frequency  ,  horizontal  co-ordinates  r  =  {x,y}  and  time  t. 

G  is  source  function,  consisting  of  physical  mechanisms 
forming  wave  spectrum.  The  source  function  G  presents 
three  components:  G  =  +G^^  ,  where  G.„  is  wind 

input,  G^^  is  dissipation  of  the  wave  energy,  G^^  -  non-linear 
energy  transfer.  The  characteristics  of  (1)  are  the  relations: 

dr  _d(ii  d  k  d(o  da:)  _  day 

dt  dk'  dt  dr  ^  dt  dt 


where (co  -kU)^  ,  a  =y[^ ,  U  is  the  horizontal  flow 

velocity  vector  which  is  a  function  of  r  and  t.  Equations  (2) 

describes  the  propagation  of  wave  packets  at  the  nonuniform 
current. 

In  the  general  case,  the  problem  of  wave  spectrum 
determining  reduces  to  the  solution  of  (1)“(2)  for  the 
corresponding  initial  and  boundary  conditions.  To  solve  the 
evolution  problem  we  have  to  define  source  function  G.  It  is 
possible  to  get  the  value  of  wind  input  G,„  and  dissipation 
functions  by  using  well-known  results  [4].  But  to  use  the 
same  approximation  of  non-linear  energy  transfer  function  is 
invalid  because  it  is  obtained  only  for  some  simple  cases  of 
the  wave  spectrum.  That  is  why  we  have  to  compute  non¬ 
linear  transfer  by  using  exact  integral  which  is  valid  for  any 
form  of  spectrum.  For  this  purpose  we  will  use  the  algorithm 
[5].  The  energy  spectrum  for  waves  propagation  into  the 
computed  region  is  given  at  the  initial  boundary  as  the  usual 
approximation  of  wave-number  angular  spectrum  [4]. 


SOLUTION  OF  THE  PROBLEM 


In  order  to  solve  the  problem  we  use  the  semi-Lagrangian 
algorithm  which  is  an  combination  of  the  ray  method  and 
interpolation  algorithm.  The  method  was  proposed  in  [7]  for 
the  case  of  swell  propagation  at  the  global  distance  on 
spherical  surface  of  the  ocean.  Now  the  method  is  extended  to 
solve  equation  (1)  for  the  case  of  wave  propagation  on 
nonuniform  current  and  with  non-zero  source  function. 

So  to  construct  the  complete  spectrum  at  some  point  {x,  y} 
it  is  necessity  to  collect  here  the  rays  along  which  all  possible 
wave  packet  propagate  to  the  point.  For  this  propose  we  have 


to  solve  (2).  Here  it  is  necessary  to  take  into  account  not  only 
those  harmonics  which  propagate  directly  from  the  initial 
boundary,  where  their  initial  values  are  given,  but  also  those 
wave  packet  which  at  first  were  able  to  be  reflected  from  the 
horizontally  non-uniform  flow,  and  only  then  reached  the 
point  {x,  y}.  To  simplify  the  problem  solution  we  consider  the 
case  stationary  of  spectrum  evolution  across  the  flow  velocity 
U  =  (O,  f/ (jc)}  varying  only  along  the  x  axis.  In  such  case  the 
component  of  the  wave  vector  ky  remains  constant  along  the 
trajectory  =A:sin^  = sin^o .  A  second  integral  of  the 
motion  is  the  constant  of  the  frequency  co  .  These  conditions 
are  sufficient  to  determine  the  wave  number  k  and  the  angle 
9  along  the  wave  trajectory  depending  on  the  flow  velocity 
U(x),  We  note  that  in  the  formal  case 
[sin  (p^\  =  \sm(p  klk^\>\  the  parameters  of  the  wave  packets 

turn  out  to  be  indeterminate  in  some  region,  which  is  the 
caustic  shadow  zone  [6,7].  In  these  grid  points  we  admit 
corresponding  spectrum  value  to  be  equal  zero. 

INTERPRETATION  OF  THE  RESULTS 

By  using  the  numerical  algorithm  we  calculate  the  values 
of  the  slope  spectrum  at  the  different  points  of  the  flow 
velocity  profile  for  the  initial  general  propagation  direction 
(pi  =160® .  The  results  are  given  on  the  {k,(p^  plane  in  the 

form  of  isolines  for  the  spectrum  of  the  slopes  S{k,(p)k^ , 

normalised  to  its  maximum.  Note  [3]  that  this  relative  value 
is  comparable  to  the  optical  spectra  of  the  surface  image 
(Fig.l).  Thus,  Fig.2a  gives  the  spectral  density  to  the  right  of 
the  boundary  between  the  two  flows,  where  the  flow  velocity 
is  U^03mfs,  As  we  can  see,  in  the  two-dimensional 
spectrum  two  clearly  defined  maxima  are  observed.  The  first 
one  is  related  to  the  direction  of  propagation  for  the  initial 
waves  making  an  angle  ^»160^  with  the  axis  across  the 

current  flow,  the  second  one  makes  an  angle  of  ^«40^.  It 

corresponds  to  the  reflected  waves.  The  isolines  of  the 
energy-bearing  components  of  the  reflected  waves  indicate  a 
bending  clockwise  for  wave  numbers  greater  than  the  wave 
number  the  spectral  maximum.  The  angular  distribution  of 
the  energy  for  the  reflected  waves  is  narrower.  A  part  of  the 
spectral  components  did  not  undergo  reflection  and  passed  to 
the  region  of  increased  flow  velocities.  Its  spectrum  is 
presented  at  the  Fig.2b. 

Thus  in  the  experimental  and  theoretical  spectra,  we  trace 
a  number  of  common  features,  which  indicates  the  agreement 
of  the  computational  results  from  the  suggested  model  with 
the  field  observational  data. 
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Fig.  2  Theoretical  spectra  of  the  sea  surface  slope  in  two  points  with  different  valuye  of  current  speed. 


It  should  be  noted  that  due  to  the  action  of  dissipation  the 
reflected  wave  are  not  able  to  be  observed  at  large  distance 
from  the  frontal  zone  because  they  propagate  against  the  wind 
speed.  Estimation  of  deferent  source  terms  in  (1)  shows  that 
because  of  the  small  horizontal  scale  the  role  of  weak  non¬ 
linear  wave  interaction  (1)  is  not  so  important  here  as  in  the 
simple  case  of  wind  wave  generation.  It  makes  spectrum 
smoother  then  without  its  action.  The  most  important 
mechanism  in  forming  the  observed  wave  behaviour  is  wave 
interaction  with  non-uniform  current  and  wave  breaking 
effect. 

DISCUSSION 

On  the  basis  of  the  maximum  in  the  direction  of  the 
reflected  waves  spectrum  and  its  corresponding  part  in  the 
spectrum  for  the  incident  waves,  it  is  easy  to  evaluate  the 
direction  and  magnitude  of  the  flow  velocity  on  which  this 
reflection  occurred.  Thus  the  direction  of  the  flows  is 
determined  from  the  direct  reflection  conditions,  i.e., 
^  =  (p,+^2)/2«90°,  where  the  direction  of 

propagation  for  the  reflected  waves,  «140°  is 

the  direction  of  their  corresponding  incident  waves.  The 
magnitude  of  the  velocity  at  the  reflection  point  for  the  waves 
is  evaluated  as  AI7=.^g/A(l-sin^|'^)/sm^,  =  1.2m/c.  As  we 
see,  these  estimations  are  in  good  agreement  with  the  actual 
observations,  although  the  accuracy  in  determining  the  latter 
is  in  the  25%  range,  which  is  mainly  related  to  the 
discreteness  in  the  representation  of  the  spectra,  their 
variability,  and  the  error  in  determining  the  angle  (p.  Figure 
2b  gives  the  computed  spectrum  (Fig.  Id  as  its  corresponding 
to  experimental  spectrum)  left  on  the  boundary  between  the 
two  flows,  where  the  difference  in  the  flow  velocities  reaches 
tsJJ » 1.2  m/s.  Here  the  angular  spectrum  has  become 
narrower.  A  single  general  direction  is  clearly  defined  that  it 
is  oriented  across  the  flow,  and  the  length  of  the  basic  system 
has  been  increased  by  nearly  a  factor  of  two. 

Thus  the  frontal  zone  as  boundary  between  two  flows  is  a 
distinctive  wave  filter,  on  which  reflection  of  part  of  the 


spectral  components  occurs.  These  components,  being 
superimposed  on  the  waves  incident  at  the  boundary,  produce 
the  choppy  water,  In  this  case,  there  is  strong  breaking  of 
waves  going  in  different  directions,  leads  to  the  isotropic 
nature  of  the  angular  distribution  for  the  spectrum.  This  is 
seen  the  spectra  for  an  agitated  surface  (Fig.  Ic).  That  part  of 
the  spectral  components,  which  does  not  undergo  reflection, 
propagates  in  fact  across  the  flow  and  represents  a 
quaziregular  system  of  waves  with  a  clearly  defined  direction 
for  its  own  propagation. 
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INTRODUCTION 

The  growing  accessibility  of  the  Internet  has  opened  a 
vast  new  world  of  possibilities  for  K-12  and  higher 
education.  From  the  first  version  of  NCSA  Mosaic  to 
current  Java-capable  web-browsers,  these  technologies  are 
slowly  enhancing  the  power  of  the  Internet  more  than 
ever  before.  However,  this  is  an  ongoing  process,  and 
one  that  is  far  from  being  completed.  For  example,  a 
vast  majority  of  the  Web  servers  on  the  Internet  can  be 
categorized  as  information  servers  that  simply  provide 
access  to  a  collection  of  documents  /  products  /  data  / 
tools  to  a  general  audience.  Another  notable  weakness  of 
the  so-called  first  generation  Web  servers  is  that  they  are 
by  and  large  providers  of  static  information,  lacking  the 
ability  to  let  users  interact  with  the  information  they 
browse.  Nor  is  the  information  customized  for  the  end 
user.  This  lack  of  interactivity,  dynamic  generation  and 
customization  critically  hinders  the  effective  use  of  the 
Web  in  a  classroom  setting  [2]. 

In  an  effort  to  address  this  need,  the  CoVis-Horizon 
group  in  the  Department  of  Atmospheric  Sciences  (DAS) 
at  the  University  of  Illinois  Urbana-Champaign  (UIUC) 
has  developed  a  web-based  visualization  tool  known  as 
The  Weather  Visualizer 

(http://covis.atmos.uiuc.edu/covis/visualizer/)  that 
allows  users  to  generate  customized  weather  images  from 
real-time  and  archived  weather  data.  This  resource  is 
available  on  our  environmental  sciences  web-server 
The  Daily  Planet  ™  (http://www.atmos.uiuc.edu/). 
By  pointing  and  clicking,  the  user  has  complete  control 
over  which  features  appear  on  the  final  product. 
Hypermedia  helper  sections  have  also  been  incorporated 
to  introduce  and  explain  the  importance  of 
meteorological  features  found  on  the  weather  images. 
JavcP^  development  of  the  Weather  Visualizer  has 
significantly  increased  the  user’s  power  to  manipulate  the 
data  without  placing  extra  strain  on  the  server  or  having 
to  repeatedly  send  requests  across  the  network.  It  is  our 
hope  that  the  Weather  Visualizer,  coupled  with  other 
valuable  Internet  resources  and  curriculum,  will  support 
the  creation  of  a  learning  environment,  where  the  user,  or 
student,  becomes  more  actively  involved  in  the  learning 
process  through  increased  interactivity  with  the  data  sets. 
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THE  WEATHER  VISUALIZER 

Several  faculty  and  staff  members  from  UIUC  are 
participating  in  an  NASA-funded  project  called 
HORIZON,  which  seeks  to  enable  greater  public  access 
to  earth  and  space  science  data  through  enhancements  of 
and  innovations  in  World  Wide  Web  technology  [4].  In 
addition,  UIUC  is  involved  in  an  NSF-funded  called 
CoVis  which  focuses  on;  1)  project  enhanced  science 
learning  (PESL),  2)  collaboration  and  3)  scientific 
visualization,  as  a  means  for  creating  learning 
communities  and  transforming  science  education  as  we 
know  it  [1].  An  important  UIUC  contribution  to  these 
projects  was  development  of  the  Weather  Visualizer;  an 
Internet  visualization  tool  that  allows  public  access  to 
real-time  and  archived  weather  data.  Users  generate 
customized  weather  images  from  a  point-and-click 
interface,  increasing  the  interactivity  with  the  computer 
by  giving  the  user  complete  control  over  which  features 
appear  on  the  final  product. 

The  introductory  document  of  the  Weather  Visualizer 
(Fig.  1)  consists  of  a  graphical  panel  of  six  main 
categories  of  weather  topics  (e.g..  Surface  Observations, 
Upper  Air  Observations,  Upper  Air  Soundings,  Radar 
Summary,  Satellite  Imagery,  and  Forecast  Data). 


The  Weather  Visualizer 


|jpperAir  j  Sounding  j^tellite  |  Radar 


Figure  1.  The  Weather  Visualizer  main  menu. 
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We  kept  several  design  criteria  in  mind  while  developing 
the  Weather  Visualizer;  1)  to  provide  reasonably  fast 
access  to  customized  requests,  2)  to  offer  a  manageable 
number  of  data  options  to  choose  from,  and  3)  to 
implement  this  tool  in  a  user-friendly  environment 
accessible  to  a  wide  variety  of  hardware  platforms. 

Each  main  section  contains  one  or  more  subsidiary 
HTML  (HyperText  Markup  Language)  forms  or 
documents  that  present  choices  and  solicit  input  as  to 
which  meteorological  parameters  to  display.  When 
selection  of  the  parameters  is  completed,  the  form  is 
processed,  resulting  in  the  return  of  the  image,  plot,  or 
textual  data  requested.  Processing  of  the  HTML  forms  is 
done  using  the  Common  Gateway  Interface  (version  1.1) 
in  the  form  of  Perl  scripts.  These  scripts  interpret  the 
user  input  from  the  form,  translate  that  input  into  the 
appropriate  actions,  and  format  and  return  custom  HTML 
documents  that  present  the  results  of  the  request. 
Typical  end  products  would  be  a  map  of  US  surface 
observations,  radar  echo  summary,  and  frontal  analysis 
superimposed  on  an  infrared  satellite  image  background; 
a  table  of  forecast  model  output  statistics;  or  a  Stuve 
thermodynamic  diagram.  Much  of  the  underlying 
processing  is  performed  by  programs  from  the  WXP 
package,  which  was  developed  at  Purdue  University  and 
is  distributed  by  the  Unidata  Project.  The  server  itself 
runs  an  up-to-date  version  of  the  HTTP  daemon 
developed  at  the  National  Center  for  Supercomputing 
Applications  at  the  University  of  Illinois. 

An  additional  feature  of  the  subsidiary  pages  and 
forms  is  the  generous  use  of  helper  sections,  which  are 
accessible  by  simply  clicking  on  the  word  in  question. 
For  example,  if  the  user  clicked  on  “Frontal  Analysis”, 
instructional  materials  comprised  of  descriptive  text  and 
images  would  be  accessed  that  introduce  the  various 
types  of  fronts,  clarify  how  to  identify  fronts  on  weather 
maps,  and  explain  their  importance  in  interpreting  the 
weather.  The  purpose  of  these  helper  sections  is  to  equip 
the  user  with  the  knowledge  and  skills  required  for 
valuable  and  correct  interpretation  of  the  images  [1]. 
These  resources  are  a  part  of  a  larger  collection  of 
instructional  modules  known  as  An  Online  Guide  to 
Meteorology  (http://covis.atmos.uiuc.edu/guide/).  These 
modules  effectively  use  multimedia  technology  to 
introduce  and  discuss  essential  concepts  in  atmospheric 
sciences  (e.g..  Pressure,  Forces  and  Winds,  Weather 
Forecasting  and  Severe  Storms). 


THE  WEATHER  VISUALIZER 
IN  THE  CLASSROOM 

Several  faculty  from  UIUC,  along  with  project 
partners  at  Northwestern  University  and  the 
Exploratorium  museum  in  San  Francisco,  are 
participating  in  an  NSF-funded  project  known  as 
"Collaborative  Visualization"  or  CoVis 


(http://www.covis.nwu.edu/).  CoVis  provides  students 
with  the  opportunity  to  work  and  learn  in  an 
environment  consistent  with  that  of  the  scientific 
community  [1].  In  this  process,  we  have  worked  with 
teachers  in  the  development  of  activities  to  transform 
their  classrooms  from  traditional  teacher-centered 
classes  to  project-enhanced  classes  in  which  students 
learn  about  science  through  personal  and  group  inquiries 
[3]. 

With  the  CoVis  community  encompassing  nearly  fifty 
high  schools  and  elementary  schools  across  the  US, 
UIUC’s  involvement  in  CoVis  provides  a  practical 
testbed  for  the  Weather  Visualizer  in  an  everyday 
classroom  environment.  In  addition  to  the  access  of 
current  weather  images  for  classroom  discussion,  the 
Weather  Visualizer  was  an  integral  part  of  a  CoVis 
Interschool  Activity  (CIA)  that  focused  on  winter 
storms.  In  a  step-by-step  manner,  students  used 
instructional  materials  and  weather  data  to  investigate  the 
role  of  low-level  moisture,  air  masses,  and  other  features 
in  the  development  of  snowstorms. 

To  successfully  complete  the  CIA,  students  were  asked 
to  construct  weather  scenarios  from  archived  weather  data 
accessed  through  the  Weather  Visualizer.  Feedback  from 
participants  revealed  that  the  Weather  Visualizer,  which 
gave  the  students  complete  control  of  the  weather  images 
they  accessed,  was  a  highlight  of  the  curriculum.  These 
and  other  CIA’s  are  found  on  the 
CoVis  Geosciences  Web  Server 

(http://www.covis.nwu.edu/Geosciences/index.html), 
which  contains  a  collection  of  project  based  activities 
that  provide  teachers  with  practical  applications  for  data, 
student  mentoring,  and  other  Internet  resources  [2]. 

From  these  activities,  we  realized  there  are  certain 
limitations  to  using  the  Web  to  present  customized  data. 
Current  HTTP  daemons  seem  to  be  optimized  to  handle 
relatively  short-lived  requests  that  are  not  CPU-intensive. 
However,  certain  underlying  operations  of  the  Weather 
Visualizer  entail  fairly  intense  computations  so  that 
initially,  a  couple  dozen  simultaneous  requests  for  such 
data  slowed  the  server  down  to  unacceptable  levels.  These 
limitations  prompted  modifications  in  the  design  and 
implementation  of  the  Weather  Visualizer.  To  this  end  a 
few  tasks,  such  as  the  remapping  of  satellite  imagery  as 
the  data  was  received,  substantially  raised  the  number  of 
requests  that  could  be  processed  simultaneously,  while 
still  preserving  the  interactivity  and  customizable  nature 
of  the  Visualizer. 

The  classroom  testing  raises  an  important  aspect  of 
the  Web,  the  issue  of  scalability.  In  current  Web 
architecture,  the  bulk  of  the  compute  power  on  a  client  is 
left  untapped  when  accessing  a  server.  If  the  number  of 
clients  keeps  increasing  disproportionate  to  increases  in 
server  capacity,  then  the  clients  at  some  point  will  have 
to  share  in  the  workload  for  the  load  to  be  sustained. 
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AJAVA^'^TOOL  FOR 
INTERACTIVE  LEARNING 

The  recent  introduction  of  the  Java  environment  by 
Sun  Microsystems  shows  considerable  promise  in 
alleviating  such  scalability-related  bottlenecks.  In  a  Java 
environment,  programs,  or  “Applets”,  which  are  written 
in  a  C++-like  Java  language,  can  be  executed  on  any 
client  that  is  running  a  Java-based  Web  browser.  The 
current  Java  version  (Fig.  2)  of  the  Weather  Visualizer 
(http://covis.atmos.uiuc.edu/java/)  provides  access  to  a 
selected  set  of  meteorological  data  for  the  United  States 
(e.g.,  surface  observations,  satellite  imagery,  radar  echo 
summary,  frontal  boundaries,  isotherms  and  isobars). 
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Figure  2.  Top  half  of  Weather  Visualizer  Java  page. 

Java  applets  that  support  highly  interactive  images  aie 
distributed  and  run  locally  on  the  user’s  machine.  Users 
are  able  to  instantly  add  and  remove  various  weather 
fields  with  a  simple  click  of  a  button.  Since  this  is 
accomplished  without  repeatedly  sending  requests  across 
the  network,  the  Java  environment  also  relieves  some  of 
the  strain  placed  upon  Web  Server  computers. 

Several  atmospheric  variables  are  computed  and 
displayed  on  the  client  side  by  simply  moving  the  cursor 
over  the  image.  These  include  latitude/longitude 
coordinates,  calibrated  temperature  values  from  infrared 
satellite  imagery,  and  reflectivity  values  from  visible 
satellite  imagery.  In  addition,  by  pointing  and  clicking 
in  the  weather  image,  the  user  is  able  to  access  the  latest 
model  forecasts  from  the  National  Centers  for 
Environmental  Prediction  (NCEP)  for  that  particular 
location.  This  information  is  also  displayed  in  graphical 
format  for  easier  interpretation.  Finally,  hypermedia 
helper  sections  are  accessible  for  the  available  features  by 
simply  clicking  the  help  button  next  to  the  item  in 
question. 

During  the  coming  months,  innovative  developments 
of  the  Weather  Visualizer  will  lead  to  increased 
interactivity  between  user  and  computer.  Since  Java 
distributes  a  significant  portion  of  the  workload  to  the 
client,  this  tool  could  also  be  used  in  schools  with 
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slower  network  connections.  As  Java  becomes  more 
accessible  in  the  classroom,  students  will  have  faster  and 
more  flexible  interaction  with  meteorological  data  than 
previously  available  using  the  World  Wide  Web. 


CONCLUDING  REMARKS 

The  challenge  of  providing  interactive  educational 
resources  via  the  Internet  is  growing.  A  great  number  of 
Web  servers  provide  access  to  static  products  (images  and 
text),  providing  very  little  interactivity  for  students.  In 
an  effort  to  address  this  need,  the  CoVis-Horizon  group 
at  UIUC  has  developed  the  Weather  Visualizer,  a  web- 
based  visualization  tool  that  allows  users  to  generate 
customized  images  real-time  and  archived  weather  data. 
Hypermedia  instructional  pages  provide  valuable  content 
materials,  introducing  the  meteorological  features 
available  in  the  Weather  Visualizer  while  equipping  the 
student  with  the  knowledge  necessaiy  for  correct 
interpretation  the  images  themselves.  We  hope  that  the 
Weather  Visualizer  will  become  a  valuable  tool  in  the 
creation  of  an  interactive  learning  environment,  both 
inside  and  out  of  the  classroom.  Java-development  of  the 
Weather  Visualizer  will  allow  students  to  actively  work 
with  the  weather  data,  instantly  adding  or  removing  data 
fields  with  a  click  of  a  button,  promoting  an  effective 
and  efficient  use  of  the  Web  in  a  classroom  setting. 
Much  of  this  can  be  accomplished  without  having  to 
repeatedly  go  over  the  network  and  thus  reduces  the  load 
on  the  server  itself,  allowing  it  to  provide  weather  data  to 
a  much  larger  audience. 
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Lessons  Learned  from  Using  GIS/RS  as  an  Integrative  Tool  for  Interdisciplinary 
Learning  and  Teaching  in  a  Senior-Level  Capstone  Course  on  Global  Change 
at  Westminster  College  of  Salt  Lake  City 


Robert  E.  Ford,  Ph.D 

Chair  International  Studies 
Westminster  College  of  Salt  Lake  City 
1840  South  1300  East 
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OVERVIEW  OF  THE  ESSE  PROJECT 

Westminster  College  of  Salt  Lake  City  (WCSLC)  was 
awarded  in  late  August  1995  a  grant  to  participate  in  the  USRA 
(Universities  Space  Research  Association)  Cooperative 
University-based  Program  in  Earth  System  Science  Education 
(ESSE)  along  with  twenty-one  new  university  members  within 
the  consortium.  The  grant  provides  about  $75,000  over  5  years 
for  interdisciplinary  curriculum  development  and  scientific 
exchange  between  students  and  faculty  across  the  US  focusing 
on  earth  system  science  and  global  environmental  change.  A 
particular  focus  is  on  experimentation  with  new  electronic  and 
multimedia  tools  for  teaching  about  global  change,  e.g.  the 
World- Wide- Web  on  the  Internet,  GIS/RS  and  other  computer 
simulation  and  modeling  tools,  e.g.  STELLA. 

Two  interdisciplinary  courses  being  developed  by 
Westminster  College  will  be  the  primary  venues  for  testing  and 
diffusing  these  innovations.  An  introductory  course  entitled: 
GEOL/BIOL/HON  300  Earth  Systems  and  Global 
Environmental  Change  and  a  senior-level  course: 
GEOL/BIOL/HON  400  Methods  of  Modeling  and  Visualizing 
Global  Change.  News  about  the  ESSE  collaborating  institutions 
and  courses,  electronic  materials  produced,  evaluation  findings, 
and  other  resources  will  be  made  available  on  the  Web  via  the 
USRA/ESSE  server  and  homepage 

URL:  http://www.  usra. edu/esse/ESSE.  html. 

Several  departments  at  Westminster  College  collaborate  with 
this  interdisciplinary  program  including  the  School  of 
Education,  Arts  and  Sciences  (via  the  Physical  Sciences 
Teaching  Major),  Computer  Science,  Biology,  and 
Environmental  Studies.  The  Principal  Investigator  (PI)  is  Dr. 
Robert  E.  Ford,  the  Kim  T.  Adamson  Chair  in  International 
Studies  at  Westminster  College  (e-mail:  r-ford@wcslc.edu). 

0-7803-3068-4/96$5.00©1996  IEEE 


COLLABORATORS 

Dr.  Ford  is  assisted  directly  in  course  and  lab  instruction  by 
James  Hippie  (e-mail:  james.hipple@geogutah.edu)  a  doctoral 
student  in  the  Department  of  Geography  at  the  University  of 
Utah.  The  University  of  Utah  is  an  official  collaborator  with 
WCSLC  on  this  project— James  Hippie  is  also  involved  in  the 
design,  testing  and  management  of  the  online  Web  materials 
(see  following  URLs): 

http://www.  usra.  edu/esse/schools/wcslc/wcslc.  html 

http://www.  usra.  edu/esse/schools/wcslc/gSOO/gSOOhp.  html 

http://www.  geog.  Utah.  edu/-jhipp/models.  html 

The  ESSE  project  also  utilizes  and  tests  new  “active 
learning”  modules  prepared  and  tested  by  the  AAG 
(Association  of  American  Geographers)  and  the  CCG2 
(Commission  on  College  Geography  II)  project  which  is  funded 
by  the  National  Science  Foundation.  This  project  links  many 
other  departments  of  geography  across  the  US  to  actively  test 
and  diffuse  active  learning  modules  within  a  broader  series 
entitled:  Developing  Active  Learning  Modules  for  Teaching 
about  the  Human  Dimensions  of  Global  Change  (HDGC).  This 
project  is  coordinated  by  Susan  Hanson  at  Clark  University 
(contact:  CCG2@vax.clarku.edu). 

The  above  project  is  also  closely  involved  with  the  new  AAG 
-  HDGC  /  SG  (Association  of  American  Geographers,  Human 
Dimensions  of  Global  Change  Specialty  Group).  See  that 
homepage  at: 

URL:  http://www.geog.  Utah. edu/--hdgcsg/index.  html 
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OBJECTIVES  OF  THE  ESSE  PROJECT 


Key  Objectives: 


The  central  objective  of  the  ESSE  program  is  to  broaden  and 
accelerate  the  development  nationally  of  an  academic  focus  for 
earth  system  science  and  to  establish  a  forum  and  activities  that 
will  motivate  and  strengthen  interdisciplinary  earth  science 
education  in  areas  needed  to  advance  NASA’s  Mission  to 
Planet  Earth  and  other  global  change  research  initiatives. 
Specific  objectives  include: 

•  Advance  cooperative  NASA/university  education  and 
research  in  earth  system  science. 

•  Attract  students  and  professional  scientists  to  earth 
system  research  and  education. 

•  Provide  incentives  to  stimulate  scientific  exchange 
among  departments  within  universities,  among 
universities,  and  between  universities  and  NASA. 

•  Increase  public  awareness  of  the  interactive  nature  of 
the  earth  system. 

A  key  element  of  the  ESSE  Program  is  the  development 
among  scientists  and  aspiring  students  of  the  team  skills  and 
interdisciplinary  perspectives  needed  for  global  change  research 
programs.  This  is  accomplished  in  ESSE  through  introducing 
unique  educational  opportunities  and  perspectives  in  the 
undergraduate  curriculum.  Under  this  program  students  will  be 
introduced  to  integrated  earth  system  concepts,  and  will  benefit 
from  interaction  with  visiting  faculty  and  NASA  scientists. 

RELATED  WEB  LINKS 

Westminster  College  of  Salt  Lake  City: 
http ‘.//risky,  wcslc. edu/ 

Dept  of  Geography,  University  of  Utah: 

http://www.  geog.  Utah,  edu/ geography/index,  html 

A  AG  Homepage :  http://www.  aag.  or g/ index,  html 

A  AG-  HDGC  Specialty  Group: 

http://www.geog.  Utah.  edu/-hdgcsg/index.  html 

THE  SENIOR-LEVEL  CAPSTONE  COURSE 

The  senior-level  capstone  honors  course:  GEOL/BIOL/HON 
400  Methods  of  Visualizing  and  Modeling  Global  Change 
introduces  students  and  faculty  to  the  tools  of  GIS/RS 
(Geographical  Information  Systems  and  Remote  Sensing)  as  a 
new  way  of  “integrating”  knowledge  graphically  and  visually 
in  both  the  sciences  and  humanities. 
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•  Introduce  students  to  the  systems  approach  to  learning 
and  doing  research  in  science  and  technology. 

•  Develop  basic  competence  in  the  use  of  "integrative" 
computer  modeling  and  mapping  tools  such  as  GIS 
(IDRISI  &  ArcView). 

•  Leam-by-doing— in  a  team  setting— how  science  is 
done:  hypothesis  testing  and  definition,  data  analysis 
and  collection,  critical  thinking  and  written 
communication  /  presentation. 

•  Understand  better  how  the  processes  of  land  use  /  land 
cover  change  in  their  local  community  relates  to  and 
impacts  global  environmental  change. 

The  course  will  be  offered  in  an  intensive  field  course  mode 
during  a  special  session— May  Term  1996— when  students  can 
focus  on  one  course  alone  over  an  entire  month  without 
distractions.  The  class  is  limited  to  eight  students  and  provides 
four  semester  credits  =  1  credit  lecture  /  3  credits  -  lab  and  field 
activities.  Formal  lab  hours  are  concentrated  over  Tuesdays  - 
Thursdays  (Mondays  and  Fridays  and  even  possibly  one  or  two 
weekends  will  be  used  for  field  trips  and  community  fact¬ 
finding). 

The  only  prerequisites  are  that  students  must  have  completed 
the  LE  Distribution  courses  in:  Life  Sciences  and  Physical 
Sciences,  as  well  as  have  fulfilled  the  basic  skill  requirements 
in:  Computer  Literacy  and  Mathematics  (or  their  equivalent).  In 
addition  students  are  encouraged  to  have  completed  the  ESSE 
introductory  course:  BIOL/GEOL/HON  300:  Earth  Systems 
and  Global  Environmental  Change  (4  credits)  or  its  equivalent, 
e.g.  Geology,  Physical  Geography,  Environmental  Biology. 
The  main  criterion,  though,  is  a  strong  interest  in  pursuing 
interdisciplinary  study  and  a  willingness  to  work  hard  in  a  team 
setting— one  that  bridges  the  sciences  and  humanities  as  well  as 
applied  disciplines. 

Targeted  students  are  those  in  the  college-wide  honors 
program  from  various  disciplines:  business  and  management 
information  systems,  computer  science,  ecology,  biology, 
physics,  education,  nursing,  and  environmental  studies.  We  are 
particularly  targeting  students  who  may  pursue  K-12  teaching 
as  a  career— those  students  in  “pre-service”  teachers  training 
programs,  e.g.  the  Physical  Sciences  Teaching  Major. 

Students  will  be  teamed-up  with  faculty  from  several 
departments- who  also  want  to  learn  GIS/RS  technology  and 
who  have  an  interest  in  inter-disciplinary  study— to  tackle  a 
problem  or  issue  in  the  local  urban  or  rural  area  that  can  be 
analyzed  effectively  with  GIS/RS.  One  of  the  implicit  goals  is 


to  get  faculty  and  students  working  together  in  manner  that  is 
more  egalitarian  and  informal— not  the  traditional  teacher- 
student  role-to  encourage  innovation,  sharing,  personal  growth 
and  integrative  learning. 

Each  year  the  problem  chosen  will  change  depending  on 
student  and  faculty  interest  as  well  as  the  expertise  and  support 
of  collaborators  in  the  community.  Field  and  fact-finding  trips 
will  take  students  to  commercial  and  public  agencies  using 
GIS/RS  technology  so  they  can  see  how  the  “real  world”  uses 
it  for  planning,  management,  and  policy-making.  One  of  the 
primary  community  resources  will  be  the  statewide  Utah  AGRC 
(Automated  Geographic  Resource  Center).  During  the  course 
teams  will  also  establish  links  with  public  interest  groups  and 
agencies  concerned  with  the  problem/issue  chosen  for  study. 
Another  goal  is  not  only  to  learn  but  to  serve  the  community. 

THE  COURSE  PROBLEM  FOR  MAY  1996 

In  May  1996  the  local  problem  selected  was  urban 
growth/land  use  change  and  its  impact  on  biodiversity  within 
the  city  limits  of  Salt  Lake  City,  particularly  within  adjacent 
canyons  along  Emigration  Creek  which  comes  out  of  the  nearby 
Wasatch  Mountains  and  passes  through  the  WCSLC  campus. 

BRIEF  COURSE  OUTLINE  /  SCHEDULE  /  TOPICS 

Week  1-2  How  Humans  Alter  the  Earth's  Land  Use  and 
Land  Cover:  What  are  the  Implications? 

Primary  Resource: 

•  CCG2  Active  Learning  Module  by  Susie  Moser  and 
others.  1995.  Counting  Our  Blessings-Guessing  Half 
the  Time:  Land  Use/Land  Cover  Changes  in  the  Ways 
of  Human  Driving  Forces.  Clark  University, 
Worcester,  MA. 

Other  Resources  and  Activities: 

•  Introduction  to  Basic  Remote  Sensing  &  GIS  using  the 
GEOSCOPE  Scenario:  Remote  Sensing.' 

•  Tutorials  and  exercises  created  for  use  with  IDRISI 
and  Arc  View  2. 1  (the  primary  GIS  software  utilized). 


'  GEOSCOPE  is  a  DOS-based  CD-ROM 
multimedia  learning  resource  sold/produced  by  LMSoft  of 
Montreal,  Canada.  It  was  originally  produced  under  the 
auspices  of  the  Canadian  Space  Agency  for  UNCED. 


•  CD-ROMs  such  as:  Utah  GAP  Analysis:  an 
Environmental  Information  System  and  The  UTAH 
SGID  (Utah  Geographic  Information  Database)? 

Week  3-4  Faculty-Student  Project  Implementation  and 
graphical-visual  presentation  of  results— see 
online  materials  at  URL: 

http://www.geog.utah.edu/~jhipp/models.html 

OTHER  SELECTED  RESOURCE  BOOKS^ 

Stanley  Aronoff.  1995.  Geographic  Information  Systems:  a 
Management  Perspective.  WDL  Publications. 

tan  Burton,  Robert  Kates,  and  Gilbert  White.  1993.  The 
Environment  as  Hazard.  Guilford  Press. 

Fred  T.  Mackenzie  and  Judith  A.  Mackenzie.  1995.  Our 
Changing  Planet:  an  Introduction  to  Earth  System  Science 
and  Global  Environmental  Change.  Prentice  Hall. 

Brian  J.  Skinner  and  Stephen  C.  Porter.  1995.  The  Blue 
Planet:  Introduction  to  Earth  System  Science.  John  Wiley  & 
Sons. 

B.L.  Turner  II,  et  al.  1990.  The  Earth  as  Transformed  by 
Human  Action:  Global  and  Regional  Changes  in  the  Biosphere 
over  the  Past  300  Years.  Cambridge  University  Press. 

SUMMARY  AND  CONCLUSIONS 

Examples  of  the  output  and  “lessons  learned”  will  be 
presented  at  IGARSS’96  in  Lincoln,  Nebraska  (May  27-31). 
Results  will  be  literally  “hot  off  the  press”  as  the  course  s  final 
day  is  the  previous  weekend.  Though  using  GIS  as  an 
integrative  tool  is  not  new,  what  we  hope  to  explore  and 
illuminate  is  how  to  best  use  such  a  tool  in  the  small  liberal  arts 
college  environment  as  a  mechanism  for  both  teaching  science 
and  technology,  but  more  important,  how  to  excite  students  and 
faculty  with  the  opportunity  and  challenge  of  being  integrative. 


^  NBS  (National  Biological  Service),  the  State  of 
Utah  (AGRC)  and  the  College  of  Natural  Resources,  Utah 
State  University,  Dept  of  Geography  and  Earth  Resources, 
Logan  Utah  84322-5240  Tel.  801-797-3892. 

^  An  excellent  review  of  ESS  textbooks  has  been 
reviewed  online  by  the  ESSE  project  (see  “Results  from  a 
Short  Survey  of  Textbooks  Used  by  Earth  System  Science 
Educators”  at  URL:  http://www.usra.edu/esse/textlist.html 
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Classroom  Applications  of  Marine  &  Environmental  Remote  Sensing  Data 


LCDR  M.A.  Alfultis  and  LT  M.R.  Hicks 
Department  of  Science 
US  Coast  Guard  Academy 
15  Mohegan  Ave. 

New  London,  CT  06320 
Phone:  (860)444-8633 
FAX:  (860)444-8627 
E-Mail:  alfultis@dcseq.uscga.edu 


Abstract  --  The  U.S.  Coast  Guard  Academy  teaches  Remote 
Sensing  as  a  c<q)stone  course  to  their  junior  and  senior  Marine 
and  Environmental  Sciences  majors.  Students  apply 
knowledge  learned  in  other  courses  toward  the  interpretation 
and  analysis  of  marine  and  environmental  satellite  data.  The 
classroom  portion  of  the  course  first  provides  an  overview  of 
the  theoretical  aspects  of  determining  geophysical  properties 
from  space,  and  then  looks  at  how  remote  sensing  can  be  used 
to  study  specific  ocean  and  atmospheric  processes  including 
stratospheric  ozone,  phytoplankton,  weather,  ocean 
circulation,  El  Nino,  fisheries,  and  polar  sea  ice.  A  lab 
curriculum  also  supports  the  classroom  portion  of  the  course. 
The  Remote  Sensing  laboratory  employs  data  from  the 
Coastal  Zone  Color  Scanner  (CZCS),  Advanced  Very  High 
Resolution  Radiometer  (AVHRR),  Total  Ozone  Mapping 
Spectrometer  (TOMS),  and  Special  Sensor  Microwave  Imager 
(SSM/I).  Future  plans  call  for  developing  a  more  general 
classroom/lab  curriculum  which  other  educators  can  readily 
incorporate  into  their  own  classroom,  to  be  placed  on  the 
World  Wide  Web  (WWW)  and  eventuaUy  CD-ROM. 

COURSE  OBJECTIVES 

The  U.S.  Coast  Guard  Academy  teaches  Remote  Sensing 
as  a  capstone  course  to  their  junior  and  senior  Marine  and 
Environmental  Sciences  majors.  Upon  completion  of  this 
course,  students  will  be  able  to: 

1.  Demonstrate  a  working  knowledge  of  the  physical 
radiation  principles  which  form  the  foundation  for 
measuring  geophysical,  biological,  and  chemical 
processes  from  space. 

2.  Comprehend  the  ability  of  airborne  sensors  in  various 
parts  of  the  electromagnetic  spectrum  to  infer 
biological,  chemical  and  physical  processes  in  the 
ocean,  the  atmosphere,  and  on  land 

3.  Comprehend  the  methods  used  to  infer  ozone  concen¬ 
tration,  phytoplankton  pigment  concentration,  sea 
surface  temperature,  and  sea  ice  concentration  from 
spacebome  observations. 

4.  Gain  a  working  knowledge  on  the  use  of  basic  image 
processing  techniques  to  extract  quantitative 
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information  from  various  types  of  displayed  satellite 

data 

5.  Understand  remote  sensing  terms  commonly  found  in 
the  science  literature. 

6.  Gain  an  appreciation  for  the  multi-disciplinary  nature 
of  remote  sensing. 

CLASSROOM  PORTION 

There  are  three  goals  or  aspects  of  the  classroom  portion  of 
the  course.  First,  discuss  in  detail  the  physical  radiation 
principles  for  remotely  measuring  surface  processes  including 
Planck's  Equation  for  Blackbody  Radiation,  Stefan-Boltzman's 
Law,  Wein's  Displacement  Law,  and  the  Rayleigh-Jeans 
Approximation.  Second,  review  the  following  topics  which 
the  students  have  discussed  in  previous  science  courses; 
stratospheric  ozone,  phytoplankton  processes,  weather,  ocean 
circulation,  El  Nino,  and  fisheries.  This  review  provides  the 
students  with  the  important  context  (biological,  physical, 
and/or  chemical)  which  they  will  need  when  interpreting  the 
satellite  data  in  class  and  lab.  Finally,  use  satellite  data  to 
illustrate  the  above  environmental  processes.  In  this  sense, 
the  satellite  data  is  the  context/discussion  tool  to  reinforce 
student  comprehension  of  these  environmental  processes. 

To  emphasize  the  broad  spectrum  of  satellite  observations 
of  environmental  processes,  the  course  is  structured  around 
the  electromagnetic  spectrum.  Measuring  ozone 
concentration  using  ultraviolet  sensors  is  first  discussed, 
followed  by  visual  observations  of  phytoplankton  pigment 
concentration,  visual  and  infrared  observations  of  weather 
systems,  infrared  observations  of  sea  surface  temperature, 
passive  microwave  observations  of  sea  ice  concentration,  and 
finally  active  radar  observations  of  sea  surface  topography  and 
roughness.  Again,  each  environmental  process  is  first 
reviewed;  the  method  used  to  study  that  process  from  space  is 
discussed;  and  the  satellite  data  is  then  examined. 

LAB  PORTION 

There  are  two  goals  of  the  laboratory  portion  of  the  course. 
First,  introduce  the  students  to  basic  image  processing 
techniques,  and  provide  them  with  hands-on  opportunities  at 
applying  various  contrast  and  geometric  enhancements  to 
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enhance  the  visual  impact  of  the  satellite  image  for 
photointerpretation.  Second,  reinforce  student  understanding 
of  the  environmental  processes  discussed  in  class  by 
providing  hands-on  opportunities  to  display,  manipulate,  and 
int^pret  satellite  data. 

Labs  have  been  developed  using  Total  Ozone  Mapping 
Spectrometer  (TOMS)  Ozone  Concentration  Observations, 
Coastal  Zone  Color  Scanner  (CZCS)  Phytoplankton  Pigment 
Concentration  Observations,  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  Weather  and  Sea  Surface  Temperature 
Observations,  and  Special  Sensor  Microwave  Imager 
(SSM/I)  Sea  Ice  Concentration  Observations.  Using  the 
National  Center  for  Supercomputer  Applications'  (NCSA)  and 
the  National  Institute  for  Health’s  (NIH)  public  domain  image 
display  programs,  students  view  animated  sequences  of 
satellite  images  on  Macintosh  computers  to  answer  questions 


on  the  temporal  and  spatial  variability  of  these  oceanographic 
and  atmospheric  processes.  All  lab  materials  were  developed 
at  the  Coast  Guard  Academy  from  public  domain  satellite  data 
using  public  domain  Macintosh  programs.  Examples  of 
these  materials  will  be  presented. 

FUTURE  PLANS 

Future  plans  call  for  developing  lab  activities  for  active 
radar  observations  of  sea  surface  roughness  and  topography, 
visual  and  near  infrared  observations  of  land  vegetation,  and 
infrared  and  active  radar  observations  of  El  Nino.  In  addition, 
developing  a  more  general  classroom/lab  curriculum  which 
other  educators  can  readily  incorporate  into  their  own 
classroom,  to  be  placed  on  the  World  Wide  Web  (WWW)  and 
eventually  CD-ROM. 
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INTRODUCTION 

The  Exploring  the  Environment  (ETE)  project 
team  develops  problem-based  learning  modules  that  en¬ 
gage  high  school  students  in  authentic  environmental 
Earth  Science  situations  such  as  biodiversity, 
sustainability,  and  deforestation.  One  of  the  overarching 
objectives  is  to  create  a  multidisciplinary  learning  envi¬ 
ronment  that  emphasizes  active  student  learning,  team¬ 
work,  and  authentic  assessment  techniques.  Addressed 
here  is  the  design,  development,  and  evaluation  of  an 
Environmental  Earth  Science  module  with  the  focus  on 
the  use  of  remote  sensing  as  a  research  tool. 

Satellites,  computers,  remote  sensing,  the  super 
information  highway — the  list  of  technology  and  infor¬ 
mation  available  to  classroom  teachers  is  seemingly  end¬ 
less  and  growing  exponentially.  Technology-based  ap¬ 
plications  and  their  significance  are  changing  the  land¬ 
scape  of  tools  available  to  science  teachers.  ETE  mod¬ 
ules  feature  essential  teacher  resources  and  an  effective 
infusion  of  remote  sensing  tools  and  resources. 

This  project  demonstrates  educational  applica¬ 
tions  of  NASA’s  wealth  of  scientific,  remote  sensing  in¬ 
formation.  ETE  emphasizes  preparing  teachers  to  use 
inquiry-based  instructional  methods  and  tools  (remote 
sensing  databases  delivered  over  the  Internet) .  ETE  sce¬ 
narios  establish  classroom  environments  in  which  stu¬ 
dents  are  involved  with  environmental  topics  and  issues 
they  regard  as  useful  and  connected  to  their  out-of-school 
experience  and  lives. 

The  more  vital  and  real  the  learning  experience, 
the  stronger  the  material  is  bonded  in  children’s  memory. 
Research  suggests  learning  is  enhanced  when  material 
interests  students  through  “live  events”  in  their  own 
ways[l].  Science  for  all  Americans:  Project  2061  [2]  sug¬ 
gests  teachers  start  with  interesting  and  familiar  ques¬ 
tions,  not  with  abstractions  or  phenomena  outside  stu¬ 
dents’  range  of  perception,  understanding,  or  knowledge. 
Participating  teachers  use  “real  world,”  relevant  activi¬ 
ties  to  engage  students  in  using  remote  sensing  databases, 
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and  to  facilitate  understanding  major  environmental 
Earth  Science  concepts,  big  ideas,  and  general  prin¬ 
ciples. 

The  model  promotes  instruction  in  which  stu¬ 
dents  are  active,  not  passive,  participants  in  real-life 
experiences  that  replace  the  less  challenging  and  re¬ 
petitive  “talk  and  chalk,”  textbook  centered  teaching. 
Project  2061  [3]  suggests  teachers  actively  engage  stu¬ 
dents — promoting  a  spirit  of  healthy  questioning.  It 
should  be  normal  practice  for  science  teachers  to  raise 
such  questions  as:  How  do  we  know?  What  is  the  evi¬ 
dence?  What  is  the  argument  that  interprets  the  evi¬ 
dence?  Are  there  alternative  explanations  or  other  ways 
of  solving  the  problem  that  could  be  better?  The  aim 
should  be  to  get  students  into  the  habit  of  posing  such 
questions,  examining  data,  analyzing,  and  framing  pos¬ 
sible  explanations. 

Giving  students  a  piece  of  the  action  is  an  inte¬ 
gral  part  of  the  ETE.  Classrooms.  The  key  to  trans¬ 
forming  student  apathy  into  student  engagement,  sug¬ 
gests  Kohn  [4],  “may  be  as  simple  as  allowing  students 
to  make  decisions  about  their  learning.  Schooling  is 
typically  about  doing  something  to  children,  not  work¬ 
ing  with  them.”  Students  need  to  be  encouraged  to 
take  charge  of  their  own  learning  more  often  by  ex¬ 
panding  opportunities  to  explore,  participate  in  mean¬ 
ingful  decisions,  and  become  full  partners  in  the  learn¬ 
ing  process.  There  is  nothing  new  about  the  belief  that 
students  should  be  able  to  participate,  individually  and 
collectively,  in  making  decisions.  This  presumption  has 
long  played  a  role  in  schools  described  as  progressive, 
democratic,  open,  free,  experimental,  or  alternative. 
These  tenets  also  play  prominent  roles  in  educational 
philosophies  called  developmental,  constructivist,  ho¬ 
listic,  or  learner  centered;  in  specific  innovations  such 
as  whole-language  learning,  discovery  based  science, 
or  authentic  assessment;  and  in  the  classrooms  of  teach¬ 
ers  whose  natural  intuition  is  to  treat  children  with  re¬ 
spect. 
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How  do  we  know  what  students  have  learned? 
Does  their  learning  align  with  our  curriculum?  Assess¬ 
ment”  intricacies  can  be  addressed  by  replacing  lower 
cognitive  level,  multiple-choice  testing  of  learning  with 
performance-based  evaluations.  To  test  knowledge 
claims,  teachers  can  provide  problem  solving  opportuni¬ 
ties  to  demonstrate  content  viability  [5].  Any  evaluation 
should  reflect  how  skills  are  learned,  namely  through 
repeated  practice  over  time.  ETE  teachers  apply  subjec¬ 
tive  evaluations  that  are  open  to  more  than  one  type  of 
response  and  dependent  on  the  level  of  competence  and 
the  pupil(s)  frame  of  reference.  If  students  were  chal¬ 
lenged  by  complex,  real  and  open-ended  problems,  teach¬ 
ers  would  look  for  evidence  of  understanding  such  as 
new  generalizations,  examples  of  relationships,  and  syn¬ 
thesis. 

Students  need  opportunities  to  look  back,  to  re¬ 
flect,  to  debrief,  to  gather  from  their  experiences  what 
they  have  felt,  thought,  and  learned.  Children  do  not  just 
receive  content;  they  collect,  store  and  remember  the  same 
information  in  very  different  ways.  The  most  dynamic 
learning,  separate  from  what  is  learned,  happens  when 
students  self-monitor  their  thinking  [6].  It  may  be  that 
traditional  pencil-and-paper  instruments  used  to  assess 
students’  understanding  of  the  nature  of  science  may  be 
an  inappropriate  (or  less  than  adequate)  means  of  evalu¬ 
ating  scientific  inquiry  learning.  When  the  nature  of  sci¬ 
entific  inquiry  is  defined  in  terms  of  student  scientific 
activities,  inquiry,  or  student  directed  research,  teachers 
of  science  may  be  better  able  to  design  activities  and 
employ  behaviors  consistent  with  objectives. 

ETE  students  need  time  for  exploring,  making 
observations,  taking  wrong  turns,  testing  ideas,  doing 
things  over,  collaboration,  collecting  data,  and  construct¬ 
ing  physical  and  mathematical  models  for  testing  ideas. 
They  also  need  time  for  learning  prerequisite  mathemat¬ 
ics,  technology,  or  science  needed  to  deal  with  questions 
at  hand;  time  for  asking  around,  reading,  and  arguing; 
time  for  wrestling  with  unfamiliar  and  counterintuitive 
ideas  and  for  coming  to  see  the  advantage  in  thinking  in 
a  different  way  [7].  Teachers  need  time  too — especially 
time  with  technology  and  the  time  needed  to  become  com¬ 
fortable  with  problem-based  environments. 

REMOTE  SENSING 

Teachers  may  be  reluctant  to  employ  instractional 
technology  because  of  their  lack  of  knowledge  concern¬ 
ing  technology,  or  because  of  the  feeling  that  its  use  is 
inappropriate  in  their  disciplines.  ETE  developers  made 


teachers’  lack  of  time  and  inexperience  with  remote  sens¬ 
ing  technology  major  issues  in  the  design  of  materials. 
A  concerted  effort  was  made  to  provide  step  by  step  in¬ 
formation  concerning  the  use  and  utility  of  satellite  im¬ 
ages  and  image  analysis  software.  Self  reports  from 
teachers  indicated  that  these  materials  were  the  very  best 
part  of  the  project  site.  One  teacher  experienced  with 
remote  sensing  said:  “you  have  to  make  it  easy  and  un¬ 
derstandable  to  teachers.  They  don’t  have  the  time  to 
develop  the  skills,  so  unless  you  give  them  small,  under¬ 
standable  chunks,  it  is  likely  they  will  not  use  the  materi¬ 
als.” 

Besides  making  the  modules  and  technical 
information  understandable  and  easily  accessible,  there 
are  other  constraints  that  affect  effective  classroom  use. 
The  first  of  these  is  hardware  and  software.  Only  a 
minority  of  teachers  have  access  to  Macintosh  or 
Windows-based  machines  with  both  a  minimum  of 
SMB  RAM  and  high  speed  access  to  the  World  Wide 
Web.  Those  schools  with  less  than  56KB  speed 
experienced  significant  delays  in  receiving  graphics 
and  picture-laced  materials.  To  compensate  for  a 
minimum  of  RAM  or  lower  access  speeds,  the  team 
made  an  effort  to  reduce  satellite  images  to  1MB  or 
less  in  size.  We  did  this  by  reducing  resolution  or 
size — ^both  of  which  are  necessary  evils  for  the  time 
being. 

Another  constraint  dealt  with  by  the  team  has 
been  a  choice  of  fully  featured  image  analysis  software 
that  runs  on  both  the  Macintosh  or  Windows  machines. 
Many  teachers  have  little  or  no  funds  to  purchase 
software,  so  an  attempt  was  made  to  find  inexpensive 
software.  To  date  the  team  has  used  NIH  Image  for  the 
Macintosh  to  develop  the  remote  sensing  tutorials  and 
problem-based  modules.  Plans  are  underway  to 
convert  these  modules  to  Windows  software.  Two 
candidates  high  on  the  list  for  future  development 
include  IDRISI  from  Clark  University  and  Multispec 
from  Purdue  University. 

What  does  formative  evaluation  tell  us  after 
eighteen  months  of  development?  Initial  results 
suggest  students  enthusiastically  engage  in  materials  in 
which  they  have  ownership,  tools  for  analysis,  and 
license  to  engage  in  student-centered  research.  The 
ETE  prototypes  have  demonstrated  “proof  of  concept.” 
The  challenge  remains  to  provide  teachers  the  tools  and 
resources  that  can  help  transform  their  classrooms  into 
centers  for  enhanced  student  understanding  of  science. 
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ABSTRACT 

Aircraft,  satellite,  and  Shuttle  remotely  sensed  data  are 
rapidly  becoming  more  available  for  educational  purposes  in 
digital  and  print  form.  How  can  this  data  be  utilized  by 
elementary  age  students  in  the  inner  city  while  reinforcing 
existing  science  framework  goals  and  objectives?  The 
NASA-  supported  Aspen  Global  Change  Institute’s  Ground 
Truth  Studies  (GTS)  program  is  partnering  with  the  4-H  After 
School  program  in  Los  Angeles  to  develop  and  pilot  a  GTS 
science  kit  specifically  for  use  in  inner  city  settings.  The  kit 
will  include  existing  and  new  materials  adapted  to  elementary 
students  in  an  urban  environment.  The  4-H  After  School 
program  in  Los  Angeles  has  established  24  after  school 
centers  located  at  elementary  schools  and  public  housing 
communities.  4-H  After  School  Center  staff  and  students 
will  participate  in  educational  workshops  conducted  by  AGCI 
introducing  concepts  and  tools  in  remote  sensing  and  in  a 
series  of  urban  ground  truth  activities  designed  for  youth  ages 
7-13. 

INTRODUCTION 

Several  challenges  converge  to  create  the  need  for  programs 
such  as  the  one  under  development  between  the  Aspen  Global 
Change  Institute  and  4-H  After  School.  Studies  such  as  "A 
Nation  at  Risk"  and  "The  1990  Science  Report  Card"  [1] 
point  sharply  to  the  limitations  of  our  educational  system  in 
regard  to  science.  Today’s  youth  often  lose  the  opportunity 
or  interest  to  pursue  science  at  an  early  age.  The  informal 
educational  setting,  such  as  the  one  created  by  4-H  After 
School,  is  increasingly  recognized  as  an  important 
complement  to  formal  schooling.  The  National  Research 
Council's  National  Science  Education  Standards  presents  "a 
vision  of  a  scientifically  literate  populace"  that  requires  a 
variety  of  approaches  including  "the  resources  of  the 
communities  surrounding  their  schools."  The  Standards 
specifically  calls  for  "the  availability  and  organization  of 
materials,  equipment,  media,  and  technology"  and  the  ability 
of  the  science  program  to  "extend  beyond  the  walls  of  the 
school  to  include  the  resources  of  the  community"  [2],  The 
AGCI  and  4-H  After  School  collaboration  is  designed  to  serve 
this  niche. 

The  world  is  becoming  increasingly  urban.  In  1930 
estimates  placed  the  urban  percentage  at  a  fifth  of  the  global 
population  [3].  By  1950,  the  urban  environment  held  29% 
of  the  population  and  today  nearly  47%.  This  trend  is 
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expected  to  continue  with  60%  of  the  global  population 
living  in  urban  settings,  80%  in  industrialized  countries  by 
2050  [4].  Given  this  trend,  educational  programs,  such  as  the 
Aspen  Global  Change  Institute's  Ground  Truth  Studies,^  that 
utilize  remote  sensing  products  and  focus  on  anthropogenic 
change  to  Earth  systems,  have  a  unique  role  to  play. 

Inner  city  youth  are  particularly  at  risk  of  missing  out  on 
educational  opportunities,  and  face  adversity  in  many  areas  of 
their  lives.  Often  there  is  considerable  disparity  between 
school  districts  in  the  amount  of  resources  allocated  per 
student  between  inner  city  and  suburban  districts  [5]. 
Environmental  degradation,  from  the  local  to  the  global  scale, 
is  of  great  concern  in  both  industrial  and  developing  countries 
[6].  Taken  together,  these  challenges  provide  an  opportunity 
to  engage  inner  city  youth  in  developing  their  scientific  skills 
and  other  talents  in  pursuit  of  improving  their  scientific 
literacy,  understanding  the  role  of  science  in  improving  local 
to  global  environments,  and  in  broadening  their  career 
opportunities.  Offering  these  young  people  a  hands-on, 
minds-on  educational  experience  that  fosters  their  interest  in 
science  and  the  environment  can  serve  multiple  purposes  in 
creating  positive  social  change. 

4-H  After  School 

The  4-H  After  School  Program  was  founded  in  1988  in  Los 
Angeles.  It  is  a  public/private  partnership  that  brings  proven 
4-H  fundamentals  to  youth,  ages  7-13,  living  in  public 
housing  communities  in  inner  city  settings.  This  unique 
program  would  provide  supportive  and  challenging  after 
school  activities  that  seek  to  encourage  critical  and  creative 
thinking,  maximize  the  strengths  of  individual  children,  and 
motivate  them  to  be  lifelong  learners  and  responsible  citizens. 
Older  students  mentoring  younger  ones  is  an  important 
component  of  the  program.  Parents  and  teachers  interviewed 
by  evaluators  from  the  S.W.  Regional  Laboratories  reported 
improvement  in  students'  interest  in  school,  completion  of 


^  The  Aspen  Global  Change  Institute  (AGCI)  is  a  Colorado 
non-profit  founded  in  1989.  Its  mission  is  to  further  the 
scientific  understanding  of  Earth  systems  through 
interdisciplinary  science  meetings,  publications  and 
educational  programs  about  global  change  science.  Ground 
Truth  Studies  is  an  AGCI  educational  K-12  program.  AGCIs 
homepage:  www.gcrio.org/agci-home.html  contains  a 

newsletter  for  educators  and  searchable  summaries  of  global 
change  research  articles. 
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homework  assignments,  problem  solving  skills,  adaptation  to 
new  situations,  and  cooperation  with  peers.  All  of  the 
parents  interviewed  wanted  their  children  to  continue  in  4-H 
After  School  [7].  The  resources  to  initiate  and  sustain  the  4- 
H  After  School  Program  are  a  blend  of  US  Departments  of 
Housing  and  Urban  Development  and  Agriculture, 
corporations  and  local  businesses,  local  housing  authority, 
land  grant  universities,  cooperative  extension  and  4-H,  the 
National  4-H  Council,  and  other  public  and  private  funding. 

Ground  Truth  Studies 

Ground  Truth  Studies  is  an  interdisciplinary  activity-based 
program  that  draws  on  the  broad  range  of  social  and  natural 
sciences  that  make  up  the  study  of  global  change  and  the 
complementary  technology  of  remote  sensing  and  image 
analysis.  GTS  utilizes  five  unifying  global  change 
concepts^; 

•  Change  is  the  norm  for  the  Earth's  natural  systems 

•  Recently,  humans  have  become  a  key  agent  of  change 

•  Earth  systems  are  linked  through  interactive  processes 

•  Global  change  affects  all  life 

•  Local  changes  can  have  global  consequences 

GTS  emerged  from  the  recognition  that  increasing 
quantities  of  data  of  different  types  are  being  assembled  about 
Earth  systems  through  such  efforts  as  NASA's  Mission  to 
Planet  Earth.  A  unique  opportunity  is  present  to  not  only 
further  scientific  understanding,  but  also  further  education. 
Applications  of  this  understanding  have  direct  bearing  on  the 
rate  and  nature  of  anthropogenic  change  to  the  biosphere. 
How  students  relate  to  this  process  and  the  tools  they  have 
available  to  them  are  critical  in  how  their  understanding  will 
help  shape  decision  making  into  the  next  century.  A  design 
team  consisting  of  scientists  and  educators  began  the  GTS 
project  in  1990.  An  infusion  of  new  ideas  into  AGCI's 
educational  initiatives  takes  place  each  summer  during 
interdisciplinary  workshops  on  topics  in  global  change. 
These  workshops  have  attracted  approximately  400  scholars 
from  23  countries  since  1990  [8].  The  activities  developed 
from  the  design  team’s  work  integrate  basic  and  applied 
science  with  mathematics  and  other  disciplines  such  as 
geography  and  social  studies  [9]. 

An  existing  set  of  materials  from  the  Ground  Truth  Studies 
program  is  being  adapted  and  extended  to  serve  the  GTS/4-H 
After  School  collaboration  in  Los  Angeles.  A  kit  is  under 
development  that  will  include  Earth  system  science  and 
environmental  education  materials,  remote  sensing  products, 
and  equipment  for  kit  use  in  the  pilot  stage  of  the  project. 
After  the  pilot  stage  the  goal  is  to  disseminate  the  GTS  kits 
and  hold  workshops  in  each  urban  environment  where  4-H 
After  School  becomes  established.  This  unique  4-H  program 
has  now  expanded  to  Philadelphia,  Oakland  and  Kansas  City 
with  plans  for  development  in  other  cities. 


^  These  five  unifying  concepts  were  adopted  by  the  GLOBE 
Program  for  use  in  The  GLOBE  Program  Teacher’s  Guide, 
Pilot  Edition,  Spring  1995  along  with  8  student  activities 
from  AGCI's  Ground  Truth  Studies  Teacher  Handbook. 


A  PERSPECTIVE  ON  REMOTE  SENSING  EDUCATION 

Even  before  the  Earth  was  seen  whole  for  the  first  time,  the 
fascination  with  the  synoptic  view  has  greatly  influenced  our 
thinking.  In  the  landmark  symposium  "Man's  Role  in 
Changing  the  Face  of  the  Earth"  held  at  Princeton  in  1955, 
the  lead  paper  by  E.  A.  Gutkind  presented  what  are  now  more 
familiar  themes. 

"Today  we  can  look  at  the  world  with  a  God's-eye  view, 
take  in  at  a  glance  the  infinite  variety  of  environmental 
patterns  spread  over  the  earth,  and  appreciate  their  dynamic 
relationships. ..We  can  see  side  by  side  the  different  scales  in 
time  and  space  and  the  tensions  arising  out  of  the  neighborly 
proximity  of  seemingly  incompatible  transformations  of  the 
earth's  surface"  [10]. 

Gutkind  was  speaking  of  the  power  of  aerial  photography 
in  shaping  the  human  experience  of  place  some  17  years 
before  the  first  photograph  of  the  full  Earth  taken  from  an 
Apollo  spacecraft.  He  was  also  foreshadowing  the  profound 
affect  human  activity  has  had  on  the  Earth.  Astronomer  Fred 
Hoyle  predicted  that  "Once  a  photograph  of  the  Earth  taken 
from  the  outside  is  available,  a  new  idea  as  powerful  as  any  in 
history  will  be  let  loose"  [11].  Interestingly,  earlier  that 
same  year,  1972,  Landsat  1  was  launched  with  the  mission  of 
demonstrating  the  "feasibility  of  systematic  remote  sensing 
from  Earth  orbit  for  resource  and  environmental  monitoring" 
[12]. 

Since  the  1970s  there  has  been  a  proliferation  of  programs 
and  materials  for  remote  sensing  education.  In  the  1995 
Report  of  the  NASA  Survey  of  Earth  System  Science  and 
Remote  Sensing  Education  [13]  over  90  programs  and 
products  are  listed  indicating  increased  interest  by  educators  in 
remote  sensing  and  its  role  in  understanding  Earth  systems. 

EDUCATIONAL  APPROACH 

While  there  is  tremendous  advantage  in  observing  Earth 
from  space,  maximizing  utility  from  the  data  obtained 
requires  a  blend  of  in  situ  observations  with  space-based 
remote  sensing,  "for  measurement-validation  and  calibration- 
reference  capabilities"  [14].  Bringing  this  data  from  the 
abstract  realm  to  something  more  concrete  for  students  is 
critical.  Ground  observation  satisfies  this  need  for  the 
tangible  and  provides  a  tremendous  opportunity  for  inquiry- 
based  activities.  Analog  and  digital  data  of  high  resolution 
of  territory  familiar  to  students  is  an  excellent  way  to 
introduce  remote  sensing  and  complementary  ground  truth 
concepts  and  techniques.  For  example,  aerial  photographs 
from  programs  such  as  the  National  Aerial  Photography 
Program  offer  sufficient  spatial  resolution  for  identification  of 
known  features  by  students.  In  GTS  we  have  found  that  the 
aerial  photo  provides  a  useful  introduction  to  coarser 
resolution  digital  products,  such  as  from  Landsat  TM  &  MSS 
and  AVHRR,  particularly  with  elementary  age  students. 

Recognizing  the  Built  Environment 

Elementary  age  students  have  experienced  first  hand  built 
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structures  and  landscape  changes  that  are  also  observable  from 
space.  Towns,  cities,  farms,  parks  and  large  architectural 
structures  such  as  dams,  piers,  highways,  railways,  and 
bridges  are  not  only  evident  from  space,  but  also  are 
accessible  to  students  on  urban  field  trips.  Familiarity  of 
these  features  in  remotely  sensed  imagery  and  by  ground 
observations  form  a  useful  basis  for  introducing  surface 
features  that  are  not  typically  as  accessible  to  urban  students, 
such  as  expanses  of  vegetative  cover,  snow  and  ice,  or  desert. 
Students  bring  a  considerable  amount  of  prior  knowledge  to 
features  of  the  urban  landscape  based  on  their  own  personal 
experiences. 

They  have  also  observed  built  structures  under  construction 
and  therefore  the  sense  of  change  from  nothing  to  something 
is  keen.  They  have  experiences  of  decay  and  dissolution  of 
built  structures,  e.g.  abandoned  factories,  housing 
developments,  and  railways.  From  a  temporal  and  spatial 
standpoint,  cities  are  a  rich  laboratory  of  change  and  manifest 
human  activity  altering  the  Earth's  surface.  The  transition  to 
data  bases  concerned  with  far  larger  spatial  scales  such  as 
forest  cover  of  Amazonia  or  ocean  temperatures  can  build  on 
the  student's  ability  to  interpret  more  familiar  imagery.  In 
this  way  students  of  the  inner  city  gain  skills  that  enable 
them  to  take  virtual  field  trips  to  any  location  on  Earth's 
surface  given  access  to  the  data.  An  example  of  this  is  the 
introduction  to  students  of  synthetic  aperture  radar  data  (e.g. 
for  studying  mountain  gorilla  habitat)  in  the  Jet  Propulsion 
Laboratory's  CD-ROM  titled  "Seeing  Earth  In  A  New  Way: 
The  SIR-C  Missions  of  Endeavour." 

Products  of  remote  sensing  serve  as  natural  integrators  of 
many  disciplines  including  history,  geography,  mathematics, 
science,  and  social  studies.  Pattern  recognition  and  problem 
solving  based  on  remotely  sensed  imagery  contributes  to  the 
development  of  a  new  visual  language  that  directly  relates  to 
"spatial  intelligence."  In  discussing  his  theory  of  multiple 
intelligences,  Howard  Gardner  states,  "spatial  knowledge  can 
serve  a  variety  of  scientific  ends,  as  a  useful  tool,  an  aid  to 
thinking,  a  way  of  capturing  information,  a  way  of 
formulating  problems,  or  the  very  means  of  solving  the 
problem"  [15].  Students  engaged  by  GTS  activities  such  as 
"Where  Are  You  from  a  Bird’s  Eye  View",  "Sand  Boxes  and 
Satellites"  and  "Ground  Truthing  Your  Image"  [9]  develop  a 
skill  in  image  interpretation  along  with  more  general  skills 
such  as  analysis,  description,  inference,  hypothesizing, 
observation,  computation,  synthesis,  classification,  data 
representation,  and  reporting  [9]. 

SUMMARY 

Urban  areas  are  growing  in  importance  globally.  A  better 
understanding  of  how  cities  interact  with  their  surroundings  is 
an  important  component  of  global  change  research.  Human 
activity  is  changing  the  biosphere  in  significant  ways. 
Nowhere  is  the  effect  of  human  activity  more  prevalent  than 
in  cities.  The  generation  of  youth  now  in  school  will  be  the 
next  generation  making  decisions  that  will  impact  Earth’s  air, 
water,  land,  and  life  through  the  next  century.  Exposure  to 
and  hands-on  activities  about  Earth’s  natural  and  human 


systems  at  the  elementary  level,  reinforces  the  curiosity  we 
have  at  the  earliest  ages  and  provides  a  practical  understanding 
of  how  science  and  technology  can  be  applied  in  useful  ways. 
The  GTS/4-H  After  School  collaboration  addresses  this 
opportunity. 
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Abstract 

Science  education  has  increasingly  been  an  area  of 
concern  for  educational  leaders  in  the  state  of 
Texas.  Many  educators  are  looking  for  interesting 
ways  to  reach  students  by  taking  advantage  of  new 
technologies.  The  Texas  Space  Grant  Consortium 
has  begun  developing  a  series  of  K-12  educational 
programs  focused  on  using  remote  sensing  for 
Eardi  science.  These  programs  include  a  prototype 
remote  sensing  design  competition  (Sky  View)  ,  an 
Internet  based  remote  sensing  program  (STARS) 
and  the  TOPEX/Poseidon  Adopt-a-buoy. 

Sky  View,  in  its  third  year,  is  a  unique  and 
challenging  program  for  secondary  students  to 
experience  engineering  design  and  to  reap  the 
benefits  of  remote  sensing  of  the  environment. 
The  program  is  centered  around  a  student  team 
designing,  building,  and  operating  an  aerial 
photography  system  to  meet  an  earth  science 
objective.  Students  must  present  their  results  to  a 
panel  of  judges  at  a  competition  held  at  the 
University  of  Texas  at  Austin.  Previous  projects 
include  monitoring  beach  erosion,  precision 
famiing,  monitoring  of  prairie  dog  towns,  and 
drainage  capabilities  of  retention  ponds. 

STARS  (Students  and  Teachers  Accessing  Remote 
Sensing)  is  a  new  Internet  based  program  which  is 
focused  on  using  remote  sensing  for  different  earth 
science  applications.  STARS  will  serve  as  an 
Internet  resource  for  satellite  data  in  conjunction 
with  ground  truth  data  and  science  curriculum.  The 
primary  focus  is  meteorology,  but  additional 
modules  are  planned  in  oceanography,  land  use, 
geology,  and  water  resources. 

0-7803-3068-4/96$5.00©1996  IEEE 


TOPEX/Poseidon  Adopt-a-buoy  is  a  joint 
educational  outreach  program  between  the 
University  of  Texas  Center  for  Space  Research 
(UTCSR)  and  the  Colorado  Center  for 
Astrodynamics  Research  (CCAR).  Student  teams 
will  design  shallow  water  platforms  to  be  used  for 
calibrating  the  altimeter  measurements  of 
TOPEX/Poseidon. 


Introduction 

The  goal  of  the  Texas  Space  Grant  Consortium 
(TSGC)  is  to  strengthen  the  educational  foundation 
necessary  for  today's  students  to  compete  in  an 
ever  changing  world  of  technology.  This  includes 
giving  them  the  opportunity  to  become  familiar 
with  space  and  science  technologies.  The  earlier 
our  students  are  taught  the  need  to  protect  the 
environment,  the  better  ability  they  will  have  to 
solve  complex  issues  related  to  global  climate 
change.  The  Texas  Space  Grant  Consortium  has  a 
mission  to  increase  the  educational  and  career 
opportunities  in  science,  engineering,  and 
mathematics  for  young  people.  TSGC  has  a 
number  of  outreach  programs  to  fulfill  this  mission. 
TSGC  currently  offers  several  K-12  educational 
programs  focusing  on  incorporating  remotely 
sensed  data  into  the  classroom. 


Sky  View:  Prototype  Remote  Sensing  Design 
Competition 

Tlie  goal  of  Sky  View  is  to  promote  interest  among 
students  in  the  areas  of  science,  mathematics,  and 
engineering  by  integrating  the  fields  into  an 
applicable  remote  sensing  project  which  is  both 
challenging  and  fun  for  the  students  involved.  The 
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idea  for  this  project  is  based  upon  a  student 
program  in  France  that  uses  a  camera  flown  on  a 
kite  to  take  pictures  of  the  ground  [Ij. 

Sky  View  is  a  design  competition  which  has  built 
upon  the  idea  of  an  aerial  photography  platform 
and  expanded  to  a  program  where  students  are 
tasked  with  building  their  own  remote  sensing 
system.  Schools  submit  a  written  proposal  to 
TSGC  outlining  their  environmental  application, 
how  remote  sensing  will  aid  tlieir  environmental 
studies,  and  how  they  foresee  the  design  of  such  a 
system.  After  review  by  TSGC,  initial  awards  are 
granted  on  a  competitive  basis. 

Tliese  initial  cash  grants  are  used  as  seed  money  to 
cover  some  of  the  expenses  of  the  materials.  Each 
selected  school  is  required  to  design  and  build  a 
remote  sensing  system  in  order  to  enhance  an  earth 
science  topic  of  their  choice.  The  choice  of  the 
science  application  is  left  open  for  the  schools  to 
decide  due  to  the  varying  environments  and 
interests  across  the  state.  In  past  years,  these 
topics  have  included  coastal  erosion,  agriculture, 
watershed  studies,  and  prairie-dog  town  monitoring. 
One  of  the  advantages  of  this  project  is  the  degree 
of  freedom  in  the  design  of  the  system,  as  well  as 
the  selection  of  individual  components.  This 
freedom  allows  students  to  experiment  with  new 
ideas,  designs,  alternative  materials,  as  well  as  begin 
to  understand  the  basic  applications  of  remote 
sensing. 

On  an  initial  seed  grant  from  the  Texas  Space 
Grant  Consortium,  each  student  team  is  left  to 
design  the  system,  collect  and  analyze  the  data,  and 
draw  conclusions.  The  remote  sensing  systems  are 
relatively  inexpensive  and  can  be  used  to  study 
environmental  applications,  but  it  is  also  useful  in 
the  engineering,  physics,  and  mathematics  that 
must  undergo  in  order  to  succeed.  After  months  of 
work,  the  student  teams  arrive  at  the  University  of 
Texas  of  Austin  to  present  their  projects  to  a  panel 
of  judges  and  their  peers.  The  student  designs  are 
judged  in  three  categories;  engineering/design,  earth 
science  application,  and  presentation. 


STARS:  Students  and  Teachers  Accessing  Remote 
Sensing 

STARS  is  designed  as  an  internet  based 
information/curriculum  source  aimed  at  providing 
remotely  sensed  data  for  the  purpose  of  studying 


many  environmental  topics  taught  in  today’s 
classrooms.  Answers  to  complex  questions  dealing 
with  environmental  issues  can  be  sought  with  the 
integration  of  remote  sensing  technology  and 
ground  truth  measurements.  Satellites  can  provide 
data  at  the  temporal  and  spatial  resolution  needed 
to  understand  the  environment  and  develop  models 
to  predict  and  understand  the  future  consequences 
of  today's  actions.  Our  research  has  shown  that 
many  teachers  are  interested  and  excited  about  the 
possibility  of  bring  satellite  imagery  into  the 
classroom,  but  they  lack  the  knowledge  of 
interpreting  the  data  and  how  it  can  be 
incoiporated  into  their  present  curriculum.  We  are 
developing  curriculum  which  is  written  by 
researchers  and  engineers,  as  well  as  K-12 
educators. 

Initially,  the  STARS  network  will  use  NOAA 
AVHRR  and  GOES  satellite  imagery  for  the  study 
of  meteorology,  atmospheric  effects  and  climate 
monitoring.  As  a  byproduct,  the  initial  system  will 
also  provide  a  useful  resource  for  computer  science 
classes  and  hands-on  exoerience  with  existing  and 
future  technologies.  ITie  STARS  network  also 
includes  background  information  on  remote  sensing 
and  different  applications  of  sensors.  The  network 
will  eventually  be  expanded  to  provide  data  for 
instruction  in  hydrology,  water  chemistry,  biology, 
geology,  ecology,  and  land  planning. 

At  the  heart  of  our  program  is  the  TEXNET 
central  weather  server.  TEXNET  functions  as  the 
state  of  Texas  weather  information  hub  providing 
current  satellite  images,  ground  based  weather 
measurements,  nexrad  radar  and  basic  weather 
information  for  schools  and  the  general  public. 
From  the  TEXNET  database  stored  on  the  server, 
schools  are  able  to  download  meteorological 
information  for  their  region.  Having  such  regional 
weather  measurements  in  combination  with  NOAA 
satellite  imagery,  students  will  be  better  able  to 
study  and  understand  regional  weather  processes. 


TOPEX/Poseidon  Adopt-a-buoy 

The  TOPEX/Poseidon  Adopt-a-buoy  program  is  a 
joint  education  outreach  project  between  the 
University  of  Texas  Center  for  Space  Research 
(UTCSR)  and  the  Colorado  Center  for 
Astrodynamics  Research  (CCAR). 
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The  first  phase  of  the  TOPEX  buoy  project  is  high 
school  student  teams  designing  a  buoy  capable  of 
operating  in  the  shallow  waters  of  Galveston  Bay 
which  will  be  used  to  collect  GPS  positional  data[2]. 
The  primary  objective  of  the  program  is 
calibration  of  altimeter  measurements  from  the 
TOPEX/Poseidon  satellite.  Tlie  secondary 
objectives  include  the  characterization  of  bay 
currents  and  water  properties  to  better  understand 
the  motion  and  condition  of  water  in  the  bay.  Such 
measurements  will  enhance  monitoring  and 
prediction  of  circulation  in  the  bay  for 
understanding  the  dispersion  of  pollutants,  as  well 
as  supporting  biological  research  in  Galveston  Bay. 

In  an  effort  to  provide  the  student  design  teams 
with  as  much  information  as  possible,  a  World 
Wide  Web  (WWW)  page  has  been  developed  which 
has  detailed  infonnation  about  the 
TOPEX/Poseidon  mission,  the  use  of  GPS 
equipment  and  data,  maps  and  biological  data  for 
Galveston  Bay,  and  basic  principles  of 
oceanography.  The  information  published  on  the 
WWW  is  intended  as  a  tool  which  can  be 
incorporated  into  classrooms  and  curriculum.  Over 
the  next  year,  teachers  from  the  Austin  LBJ 
Science  Academy  will  be  working  with  TSGC  to 
develop  curriculum  using  TOPEX/Poseidon 
altimeter  data  which  will  tie  into  topics  such  as 
physical  oceanography,  climate,  and  marine 
biology. 


Summaiy' 

There  is  a  growing  need  for  not  only  a  steady 
stream  of  future  scientists  and  engineers  who  will  be 
capable  of  carrying  out  environmental  studies,  but 
also  a  general  public  capable  of  understanding  the 
significance  of  the  results  in  order  to  make 


informed  decisions  about  related  public  policy  and 
funding.  The  Texas  Space  Grant  Consortium  is 
continuing  its  efforts  to  develop  a  series  of 
meaningful  and  usable  K-12  educational  programs 
focused  on  using  remote  sensing  for  Earth  science. 
These  programs  include  a  prototype  remote 
sensing  design  competition  (Sky  View)  ,  an  Internet 
based  remote  sensing  program  (STARS)  and  the 
TOPEX/Poseidon  Adopt-a-buoy  and  incorporate 
several  data  types  including  NOAA  AHVRR, 
TOPEX/Poseidon  altimeter,  nexrad  radar,  surface 
observations,  and  GPS  positional  data. 


TSGC  World  Wide  Web  Sites 

Sky  View 

http://www.utexas.edu/tsgc/skyview.html 

STARS 

http://www.utexas.edu/tsgc/stars.html 

TOPEX  Adopt-a-buoy 
http://www.utexas.edu/tsgc/buoy.html 
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Abstract  --  Polarimetric  SARs  promise  to  be 
powerful  tools  for  the  measurement  and 
investigation  of  the  scattering  properties  of  sea  ice. 
Much  of  the  research  done  to  date  is  based  on  a 
single  data  set  acquired  in  the  western  arctic.  This 
paper  describes  work  done  with  a  1993  central 
Arctic  data  set  and  presents  some  results  for  first- 
year  sea  ice. 

INTRODUCTION 

The  majority  of  the  published  research  on  the 
polarimetric  signatures  of  Arctic  Sea  ice  are  based 
on  data  acquired  in  March  1988  in  the  Beaufort, 
Bering  and  Chukchi  Seas  [1]  by  the  JPL  AIRSAR. 
Supporting  surface  observations  for  this  work  were 
made  by  researchers  at  the  Applied  Physics 


Laboratory  drifting  ice  station  in  the  Beaufort  Sea. 
Polarimetric  analysis  of  these  data  and  comparisons 
between  observations  and  model  predictions  using 
surface  measurements  [1, 2,3,4]  have  provided  a 
solid  baseline  for  further  polarimetric  SAR  studies. 

In  1993,  a  complementary  polarimetric  SAR  data 
set  was  acquired  with  a  different  sensor,  the  CCRS 
C-band  SAR  polarimeter  [5],  in  a  different  region 
of  the  Arctic,  the  Canadian  Arctic  Archipelago, 
under  similar  environmental  conditions  to  those 
existing  for  the  1988  JPL  data  set.  The  1993  data 
form  one  component  of  the  SIMMS’93  (Seasonal 
Sea  Ice  Monitoring  and  Modeling  Site)  set  of 
multidisciplinary  field  experiments  for  1993.  An 
extensive  surface  measurement  program  supported 
the  SAR  imaging  activities. 
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The  results  presented  in  this  paper  are  based  on 
data  acquired  within  Barrow  Strait  and  Resolute 
Passage,  near  Cornwallis  Island,  NWT  Canada, 
during  the  SAR  polarimetry  flight  on  May  3. 


THE  DATA  SET 

The  polarimetric  SAR  flight  on  May  3,  1993  was 
dedieated  to  investigating  sea  ice  signatures  in  the 
primary  measurement  areas  of  the  SIMMS ’93 
program,  areas  1  and  2  in  figure  1. 


The  SAR  coverage  area  in  this  diagram  contains 
four  offset  flight  lines  that  provided  multiple 
incidence  angles  angle  data  at  the  surface 
measurement  sites  as  well  as  multiple  aspect  angles 
for  the  sites  clustered  near  the  multi-year  floe 
shown  schematically  in  area  1.  The  bulk  of  the 
polarimetric  data  presented  in  this  paper  were  taken 
from  one  flight  line  that  imaged  areas  1  and  2  at 
incidence  angles  from  26°  to  67°. 

Most  of  the  experiment  area  was  covered  by 
relatively  thick  (>  1.5  m),  mature,  first-year  ice  that 
contained  a  few  multi-year  floes  of  various  ages 
and  origins.  The  weather  conditions  over  the  period 
of  the  SAR  experiment  (April  30  to  May  6)  were 


stable  with  no  precipitation,  daily  highs  near  -  15° 
C  and  daily  lows  near  -  20°  C.  Surface 
measurements  acquired  over  a  seven  day  block 
surrounding  the  May  3  flight  can  be  used  with  the 
radar  data. 

The  surface  measurement  program  that 
supported  the  SAR  investigations  consisted  of 
depth  profiles  of  physical  and  dielectric  properties 
of  the  snow  cover  and  the  upper  30  cm  of  the 
underlying  ice.  These  were  augmented  by 
crystallographic  investigations  of  the  snow  cover 
and  thin  section  micro-structure  measurements  of 
ice  core  samples.  The  techniques  used  for  snow  and 
ice  measurements  are  reported  elsewhere  [6,7]. 

SNOW  AND  ICE  PROPERTIES 

The  thickness  of  the  snow  cover  on  level  first- 
year  ice  varied  from  approximately  12  cm  at  the 
intensive  site  in  area  1  to  approximately  30  cm  in  a 
thick  ice  region  in  area  2.  Figures  2  and  3  describe 
bulk  physical  and  dielectric  properties  of  the  snow 
cover  on  level  first  year  ice  at  a  surface 
measurement  site  in  area  1 . 


Figure  2  Bulk  physical  properties  of  test  site  7 
snow;  density  in  g/cm^ ,  temperature  in  degrees  C, 
as  they  vary  above  the  ice  surface. 

Figures  4  and  5  summarize  the  bulk  physical  and 
dielectric  properties  of  the  upper  30  cm  at  this  site. 
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THE  POLARIMETRIC  SAR  DATA 


Figure  3  Bulk  dielectric  properties  of  the  snow  at 
test  site  7  as  they  vary  above  the  ice  surface. 


Figure  4  Ice  salinity  in  parts  per  thousand  and 
temperature  (degrees  C)  variations  with  depth 
below  the  ice  surface. 


-20 

Loss  0  -30  Depth  (cm) 

Figure  5  Ice  permeability  and  loss  variations  with  depth 
below  the  ice  surface  at  site  7.  The  crosses  are  measured 
points. 


The  CCRS  C-band  SAR  polarimeter  receives  time 
multiplexed,  linearly  polarized  HH,  HV  and  VV,  VH  channel 
pairs.  The  data  are  range  compressed  in  the  receiver  and  are 
recorded  as  base  band  complex  signals  for  ground  processing 
to  registered,  calibrated,  single  look,  complex,  polarimetric 
images.  Details  of  the  instrument  and  an  outline  of  the 
processing  can  be  found  in  [5].  The  processed  images  have 
range  and  azimuth  impulse  response  widths  of  0.75  m  and 
5.7  m  respectively  and  are  sampled  at  0.43  m  azimuth  and 
4.0  m  range.  Corresponding  samples  in  the  registered  image 
set  form  single  look  scattering  matrix  elements.  As  the 
channel  isolation  in  the  radar  exceeds  35  dB,  symmetrization 
is  not  required  for  channel  balance  or  calibration.  Where 
appropriate,  azimuth  spatial  averaging  is  used  to  generate 
polarimetric  parameters  for  analysis  and  display.  8  look 
averages  are  normally  used  to  generate  polarimetric 
parameter  images.  For  polarimetric  signature  analysis,  single 
look  Stokes  matrices  are  generated  for  each  point  in  the  block 
to  be  averaged  and  the  averaging  is  performed  on  the  Stokes 
matrix  elements. 

Just  prior  to  the  SIMMS’93  flight  program,  the  main 
transmitter  for  the  CCRS  C-band  SAR  failed  and  the  flight 
program  was  conducted  with  a  lower  power  back-up  unit. 
Analysis  of  the  radar  signal  to  noise  ratios  shows  that  the  co¬ 
polarized  channel  signal  to  noise  ratios  exceed  15  dB  for 
first-year  ice  returns  at  incidence  angles  up  to  60®  for  the 
May  3  data.  The  cross  polarized  channel  signal-to-noise 
ratios  are  approximately  7  dB  for  first-year  ice  and  these  data 
must  be  treated  with  caution.  In  the  results  presented  here,  the 
HV  and  VH  channel  data  are  coherently  averaged  to  gain  3 
dB  signal-to-noise  ratio. 

RESULTS 

The  polarimetric  images  generated  for  areas  1 
and  2  show  a  large  range  of  signatures  for 
undeformed  first  -year  ice.  A  detailed  examination 
of  the  full  polarimetric  image  set  suggests  that  the 
majority  of  the  signature  variation  results  from 
structure  on  and  near  the  ice  surface  that  was 
generated  in  the  early  growth  stages  of  the  ice. 

The  systematic  dynamic  range  variation  of  the 
incoherent  polarimetric  variables  (radar  cross 
sections,  total  power,  co-polarization  ratio  and 
depolarization  ratio)  over  the  incidence  angles 
spanned  by  typical  SAR  image  sets  exceeds  the 
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dynamic  range  of  most  display  media.  To  view  the 
first  year  ice  returns,  1000  azimuth  sample  blocks 
of  returns  from  undeformed  first  year  ice  were 
averaged  to  model  the  incidence  angle  dependence 
and  were  expressed  as  polynomial  functions  that 
are  valid  from  10°  to  70°  incidence  angle.  These 
were  used  for  image  normalization  functions  and 
provide  a  useful  description  of  the  mean  scattering 
properties  of  late  winter  first-year  ice  in  the 
experiment  area. 

The  polynomial  scattering  descriptions  are  shown 
in  table  1.  The  independent  variable  for  all 
functions  is  the  incident  wave  illumination  angle  in 
degrees.  In  all  cases  a  second  order  polynomial 
provides  a  sufficient  description  for  the  data  and 
each  function  has  the  form: 

y  =  +  ^1^  +  <3o 


Table  1  polynomial  models 


32 

31 

3o 

SD 

HH> 

(dB) 

0.0016 

-0.2987 

0.3608 

±1.6 

<a°vv> 

(dB) 

0.0006 

-0.1795 

-1.9523 

±  1.4 

cross 

> 

(dB) 

0.0016 

-0.2248 

-15.870 

±2.0 

<Za°ij> 

(dB) 

0.001 

-0.2310 

-1.1402 

±  1.6 

^  0 
<a  vv 

0.0 

0.0721 

-1.1402 

±0.15 

Depol._ 

ratio 

4.2835 

X  10'° 

-5.9577 

X  10'^ 

0.01672 

±0.02 

The  standard  deviations  in  table  1  provide  a 
measure  of  the  signature  variations  about  the 
polynomial  model  for  the  samples  selected. 


signatures  of  young,  smooth  first  year  ice  that 
appears  to  have  formed  under  calm  conditions.  The 
12  cm  snow  cover  at  this  site  has  properties  similar 
to  that  at  site  7  (figures  2  and  3).  Figure  7  is  the 
signature  of  older,  thick  first-year  ice  that 
preserves  plates  of  fractured  thin  ice  at  the  base  of 
its  30  cm  snow  cover.  Neither  of  these  examples  is 
“typical  of  the  total  ice  cover  but  both  cases  lie 
within  the  normal  range  for  first-year  winter  ice. 


1 . 


Orientation  Angle  0  —50  Ellipticity  Angle 


Average  Stokes  Matrix  (BSA) 

0.008003  -0.001690  0.000018  -0.000056 
-0.001935  0.007430  -0.000025  0.000111 
-0.000010  0.000031  0.003981  0.000789 

0.000007  -0.000079-0.000792  0.003910 


Incidence  Angle  (deg)  =  61.57 
Number  of  samples  =  1 50  x  400 


Figure  6  The  polarimetric  signature  of  first-year  ice 
formed  under  calm  conditions. 


To  provide  a  feeling  for  the  range  of  variability 
seen  in  the  SIMMS’93  first-year  winter  ice 
signatures,  figure  6  describes  the  polarimetric 
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Figure  7  The  polarimetric  signature  of  thick  first- 
year  ice  that  has  broken  thin  ice  plates  at  the  base 
of  a  30  cm  snow  cover. 

DISCUSSION 

The  C-band  radar  signatures  of  first-year  winter 
sea  ice  are  quite  variable  and  appear  to  reveal  [7] 
elements  of  the  ice  formation  history. 
Quantification  of  these  effects  is  in  progress  at  the 
time  of  writing.  The  mean  polarimetric  properties 
of  the  ice  presented  here  appear  to  be  consistent 
with  other  observations  and  suggest  that  the  mean 
characteristics  should  be  retrievable  from  modeling 
calculations  following  the  approaches  describe  in 
[3].  Future  work  on  this  is  planned. 
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Abstract  —  This  paper  describes  a  validation  of  accuracy  associ¬ 
ated  with  a  recent  algorithm  that  has  been  designed  to  extract 
ridge  and  rubble  features  from  multiyear  ice.  Results  show  that 
the  algorithm  performs  well  with  low-resolution  ERS  SAR  data 
products. 

1.  INTRODUCTION 

Roughness  in  the  polar  ice  cover — like  meso-scale  features  of 
pressure  ridges  and  rubble  fields — is  of  significant  geophysical 
interest.  Pressure  ridges  and  rubble  fields  help  to  transfer  kinetic 
energy  from  meteorological  systems  to  the  ice  cover.  Pressure  ridges 
can  significantly  increase  sea-ice  drag  coefficients,  which  subse¬ 
quently  affect  sea-ice  movement  and  deformation.  Ridges  and 
rubble  fields  are  also  of  interest  because  they  account  for  a  large 
portion  of  the  total  ice  mass. 

In  ERS  synthetic  aperture  radar  (SAR)  imagery,  pressure  ridges 
commonly  appear  as  filamentary,  curvilinear  features  of  variable 
width.  These  features  have  radar  backscatter  signatures  that  differ 
only  slightly  from  those  of  non-ridged  multiyear-ice;  pressure  ridges 
subsequently  appear  as  mostly  low-contrast  features.  Rubble  fields 
often  form  when  sea  ice  undergoes  multiple  ridging  events  in  the 
same  geographic  region.  Not  surprisingly,  rubble  fields  have  back¬ 
scatter  signatures  that  are  similar  to  that  of  pressure  ridges,  except 
that  rubble  fields  may  have  shapes  ranging  from  consolidated  blobs 
to  interlaced  networks  of  curvilinear  features. 

The  difficulty  in  extracting  such  features  has  been  noted  in  work 
such  as  [1].  The  problem  has  been  considered  untenable  for  stan¬ 
dard  image  processing  algorithms  for  a  variety  of  reasons.  Such 
reasons  include  low  signal-to-noise  ratios,  arbitrariness  of  feature 
shapes,  and  radar  cross-sections  that  change  depending  on  the 
orientation  of  a  feature.  The  problem,  however,  has  not  been  con¬ 
sidered  impossible,  since  researchers  have  been  able  to  link  the 
roughness  caused  by  sea  ice  deformation  (like  ridges  and  rubble 
fields)  with  ERS  SAR  backscatter.  [4] 

This  paper  evaluates  an  ice-roughness  algorithm  that  we  have 
developed  over  the  past  year.  The  next  section  (2)  briefly  discusses 
our  algorithm.  Section  3  describes  our  procedure  for  evaluating 
this  algorithm,  which  involves  validation  of  a  derived  data  prod¬ 
uct  from  this  algorithm  with  an  area  that  has  ground  truth.  Sec¬ 
tion  4  presents  and  discusses  our  results.  Section  5  summarizes 
our  major  conclusions. 

2.  ALGORITHM  NOTES 

Our  algorithm  has  been  developed  by  using  a  relatively  new 
procedure  in  computer-assisted  software  design.  This  procedure, 
which  uses  genetic  programming,  has  been  developed  to  help  a 
user  to  focus  more  on  the  problem  at  hand  and  less  on  program¬ 
ming  detail.  Another  paper  in  this  conference  highlights  some  of 
the  salient  characteristics  of  our  procedure  [2]. 
0-7803-3068-4/96$5.00©1996  IEEE 


We  have  designed  our  algorithm  to  extract  ridge  and  rubble 
features  in  multiyear  ice.  It  has  been  developed  for  use  with  low- 
resolution  (ERS)  SAR  data  products,  partly  because  we  desired 
meso-scale  distributions  and  partly  because  we  wanted  to  track 
temporal  changes.  For  more  information  on  the  development  of 
this  particular  algorithm  (called  a  switch  filter),  see  [3]. 

3.  PROCEDURE 

The  image  that  we  have  chosen  for  validation  is  part  of  a  larger 
series  of  temporal  ERS-1  SAR  data  that  we  have  analyzed.  The 
series,  which  begins  in  August  1991  and  ends  in  July  1992,  de¬ 
scribes  the  synoptic  coverage  of  an  area  in  the  Beaufort  Sea  gyre 
(roughly  72°N,  HO'W).  The  particular  area  and  dates  of  cover¬ 
age  overlap  with  the  Lead  Processes  Experiment  (LEADEX)  in 
1992,  which  featured  both  in-situ  and  ERS-1  observations  around 
a  chosen  floe. 

Figure  la  shows  the  low-resolution  ERS  SAR  image  taken  29 
March  1992,  while  Figure  lb  shows  the  corresponding  data  prod¬ 
uct  derived  with  the  ice-roughness  algorithm.  We  note  that  the 
algorithm  was  developed  using  data  from  a  different  image  (23 
April  1992) — the  29  March  data  is  entirely  out-of-sample.  The 
boxed  area  shown  in  both  these  figures  corresponds  to  the  ice  clas¬ 
sification  map  shown  in  Figure  Ic.  Classifications  for  this  map 
were  based  on  ground  observations  from  the  LEADEX  base  camp. 

To  validate  the  derived  data  product,  we  used  a  ridge  and  rubble 
map  that  was  manually  obtained  from  the  high-resolution  (nomi¬ 
nally  12  m  resolution)  ERS  SAR  data  product  for  the  same  day 
and  area.  To  ensure  accuracy,  we  limited  the  extent  of  this  ridge 
and  rubble  map  to  the  immediate  area  (^^  one  km)  around  the 
base  camp.  The  map  was  verified  by  personnel  present  at  the  base 
camp  at  the  time  the  image  was  taken  (i.e.,  R.  Onstott).  The  boxed 
area  in  Figure  Ic  shows  theextent  of  the  manually  derived  ridge 
and  rubble  map. 

4.  RESULTS  AND  DISCUSSION 

Figures  2a  -  d  show  our  results.  Figure  2a  depicts  the  high- 
resolution  subimage  that  was  used  to  create  the  manually  derived 
ridge  and  rubble  map.  The  image  has  been  enhanced  for  publica¬ 
tion  to  highlight  those  features,  which  show  as  light  gray  pixels  on 
a  gray  background.  (Gray  generally  corresponds  to  multiyear  ice, 
while  dark  gray  generally  corresponds  to  first-year  ice.)  The  three 
bright  collinear  dots  in  the  center  of  this  figure  correspond  to 
corner  reflectors  placed  on  first  year  ice.  (A  fourth  dot — another 
corner  reflector — is  also  visible,  but  on  multiyear  ice.) 

Figure  2b  shows  the  manually  derived  ridge  and  rubble  map. 
(Black  denotes  ridge  and  rubble  features  in  multiyear  ice,  or  ex¬ 
treme  ridging  in  first  year  ice.  Note  that  the  three  dots  have  been 
retained  for  comparison.) 

Figure  2c  shows  the  results  from  the  ice-roughness  algorithm. 
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Figure  L  Data  and  Ground  Truth,  (a)  Top.  29  March  1992  Image 
(1024x  1024 pixels)  ©ESA  1992.  (b).  Upper  right.  Derived  Data 
Product,  (c)  Lower  Right.  Map  of  Ground  Truth. 


Note  that  the  pixels  are  noticeably  larger  than  those  shown  in 
Figures  2a  and  2b.  This  is  expected,  since  the  ice-roughness  algo¬ 
rithm  works  on  low- resolution  data  products.  (Black  and  dark 
grays  denote  ridge  and  rubble  features.) 

Figure  2d  shows  the  results  of  overlaying  the  results  from  the 
ice-roughness  algorithm  on  the  manually  derived  ridge  and  rubble 
map.  (Black  indicates  a  high  degree  of  correlation  for  ridge  and 
rubble  features,  while  white  indicates  a  high  degree  of  correlation 
for  smooth  features.  Gray  without  any  interior  black  denotes  ar¬ 
eas  of  possible  conflict.) 

The  results  show  excellent  correspondence  between  the  manu¬ 
ally  derived  map  and  the  data  product  from  the  ice-roughness 
algorithm.  Much  of  the  identified  ridge  and  rubble  features  in 
multiyear  ice  have  been  correctly  classified  in  the  data  product. 
Tolerance  accuracies  in  the  data  product  are  better  than  ±1 00  m 
(±  1  pixel)  of  a  ridge  or  rubble  feature  in  the  high-resolution  map. 

We  note  that  the  data  product  shows  a  correct  classification  of 
ridge  features  in  an  area  just  below  the  three  collinear  dots  in  Fig¬ 
ure  2a.  Ground  truth  corresponding  to  this  area  indicates  an  area 
of  old  pressure  ridges — worn  and  smoothed.  Radar  backscatter 
signatures  corresponding  to  ridges  like  these  are  not  much  differ¬ 
ent  from  non-ridged  multiyear  ice;  such  features  are  difficult  to 
classify. 

The  ice-roughness  algorithm  does  seem  to  identify  ridges  and 
rubble  features  regardless  of  whether  such  features  yield  strong  or 
weak  signatures  in  contrast  to  the  mean  backscatter  values  of 
multiyear  ice.  If  this  is  the  case,  such  an  attribute  would  help  to 
desensitize  the  algorithm  from  ridge  orientation  effects  on  radar 
backscatter. 

We  further  note  that  the  algorithm  has  classified  a  series  of  pix¬ 
els  in  the  lower  right  corner  of  Figure  2c  as  ridge  or  rubble  fea¬ 
tures,  even  though  such  pixels  correspond  to  areas  of  first-year  ice. 


A  Indicates  Comer  Reflectors 

The  algorithm  apparently  identifies  a  few,  but  not  all  the  ridge 
and  rubble  features  in  first-year  ice.  These  features  do  appear  in 
the  image  data  but  not  in  Figure  2a.  (As  mentioned  earlier,  we 
enhanced  Figure  2a  to  show,  for  publication,  ridge  and  rubble 
features  in  multiyear,  not  first-year  ice.)  We  have  found  that  the 
few  first-year  ridge  and  rubble  features  that  have  been  identified 
do  show  a  high  correspondence  with  major  stress  and  deforma¬ 
tion  patterns  in  first-year  ice.  (See  [3].) 


4.  CONCLUSIONS 

This  paper  has  evaluated  the  performance  of  an  ice-roughness 
algorithm  that  was  developed  using  a  relatively  new  procedure  in 
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Figure  2.  Results,  (a)  High -Resolution  Sub  image,  (b)  Manual  Interpretation,  (c)  Derived  Data  Product,  (d)  Comparison. 


computer-assisted  software  design.  To  evaluate  this  algorithm,  we 
used  ERS  SAR  image  data  that  coincides  with  in-situ  observations 
obtained  during  LEAD  EX  ’92.  The  results  have  shown  excellent 
agreement  between  the  derived  data  product  and  a  manually  in¬ 
terpreted  ERS  SAR  data  product.  The  algorithm  has  been  shown 
to  extract  features  corresponding  to  ridges  and  rubble  fields  in 
multiyear  ice.  We  have  suggested  that  the  algorithm  does  extract 
enough  of  the  ridge  and  rubble  features  in  first-year  ice  to  show 
gross  deformation  patterns.  ■ 
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Abstract — A  technique  for  estimating  ice  temperature 
in  the  Arctic  seasonal  ice  zone  from  passive  microwave 
radiances  has  been  developed.  The  algorithm  relies  on 
ice  concentration  and  type  estimates  from  a  thin  ice  al¬ 
gorithm  to  estimate  the  surface  emissivity.  Preliminary 
results  have  been  compared  favorably  with  temperature 
estimates  derived  from  AVHRR  imagery  of  the  Bering 
Strait. 


I.  Introduction 

Polar  sea  ice  covers  approximately  7%  of  the  world’s 
oceans.  In  the  Antarctic  the  sea  ice  spatial  extent  varies 
between  4.0  x  10®  km^  during  summer  and  20.0  x  10® 
km^  during  winter,  while  in  the  Arctic  the  variation  is 
significantly  less,  from  7.8  x  10®  to  14.8  x  10®  km^.  This 
coverage  has  a  tremendous  impact  on  the  global  climate 
because  the  ice  changes  the  planetary  albedo.  In  addition, 
during  the  winter,  the  heat  flux  from  water  or  thin  ice 
to  atmosphere  is  approximately  two  orders  of  magnitude 
greater  than  the  heat  flux  through  thick  ice. 

There  are  many  types  of  sea  ice,  from  the  thin  ice  types 
(grease  ice,  nilas,  pancake  ice,  etc.)  to  thick  multi-year 
ice.  The  microwave  signature  of  each  type  is  a  strong 
function  of  dielectric  constant.  The  dielectric  constant 
of  ice  is  dependent  on  several  parameters,  most  notably 
salinity  and  temperature.  Because  salinity  changes  over 
the  life  cycle  of  an  ice  floe,  it  is  possible  to  classify  ice 
in  terms  of  three  broad  categories,  thin  ice,  first-year  ice 
and  multiyear  ice,  which  are  distinguishable  from  satellite 
based  sensors  [1],  [2]. 

Although  the  heat  flux  through  ice  is  primarily  con¬ 
trolled  by  ice  thickness,  reliable  estimates  of  surface  tem¬ 
perature  are  also  needed  for  flux  calculations.  In  the  Arc¬ 
tic  this  information  has  been  inferred  from  data  gathered 
by  buoys  drifting  on  ice  floes  [3].  The  considerable  diffi¬ 
culties  of  this  method  have  encouraged  the  remote  sens¬ 
ing  community  to  develop  alternatives.  Satellite  based 
infrared  sensors  such  as  the  Advanced  Very  High  Resolu¬ 
tion  Radiometer  (AVHRR)  offer  greater  Arctic  coverage 
at  high  spatial  resolution,  but  temperature  retrieval  is  se¬ 
riously  constrained  by  cloud  cover  and  ice  fog  contami¬ 
nation  [4].  Satellite  based  passive  microwave  instruments 
avoid  this  problem,  but  at  the  cost  of  ground  spatial  res¬ 
olution. 
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The  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  provided  the  first  opportunity  for  investigators 
to  attempt  to  estimate  ice  temperature  from  microwave 
observations.  Gloersen  et  al.  [5]  proposed  a  technique  to 
produce  ice  temperature  as  a  secondary  product,  and  the 
SMMR  radiances  were  used  to  calculate  sea  ice  temper¬ 
ature  over  the  nine  year  lifespan  of  the  instrument.  The 
SMMR  algorithm  made  use  of  the  first  order  relationship 
between  brightness  temperature  and  physical  temperature 
of  an  emitting  medium.  The  6.6  GHz  (Ao  “  4.55  cm) 
channel  was  used  because  the  emissivity  is  independent 
of  ice  type  at  this  frequency.  The  extensive  comparison  of 
SMMR  estimated  temperatures  with  Arctic  Ocean  Buoy 
Program  (AOBP)  data  produced  encouraging  results  in 
the  central  Arctic.  No  validation  effort  was  made  in  the 
seasonal  ice  zone. 

In  this  study,  the  Special  Sensor  Microwave/Imager 
(SSM/I)  radiances  were  used  to  estimate  ice  temperature. 
The  SSM/I  does  not  have  a  C-band  channel,  so  a  new  ap¬ 
proach  was  devised.  This  study  focuses  on  the  seasonal 
ice  zone  because  it  is  the  most  important  region  for  heat 
flux  studies. 


II.  Theoretical  Considerations 

Radiative  transfer  theory  predicts  that  the  brightness 
observed  by  a  satellite  based  sensor  will  be: 
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+  (1  - 


+  ^A,p) 


—  2/C. 


(1) 


where: 

T. 


B,X,p 

^X,p  “ 


= 


measured  brightness  temperature 
total  surface  emissivity 
physical  temperature  of  the  radiating 
portion  of  the  ice 
atmospheric  opacity 
total  atmospheric  upwelling  radiation 
total  atmospheric  downwelling  radiation 
cosmic  background  radiation,  2.7  Kelvin  at 
microwave  frequencies 
The  upwelling  and  downwelling  atmospheric  radiation  can 
be  approximated  as: 
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where  <  T  >  is  a  constant  weighted  average  atmospheric 
temperature  and  represents  total  atmospheric  loss. 

The  atmospheric  parameters  in  (1)  depend  strongly  on 
such  variables  as  atmospheric  pressure,  temperature,  and 
vapor  profiles. 

A.  The  Atmosphere 

Because  the  temperature  and  humidity  are  usually  low 
in  the  high  Arctic,  the  atmosphere  normally  contributes 
little  to  brightness  temperature  measurements  at  most  mi¬ 
crowave  frequencies.  This  is  particularly  true  over  pack 
ice  where  the  surface  emissivity  is  close  to  one.  How¬ 
ever,  in  the  marginal  ice  zone,  higher  atmospheric  water 
vapor  and  clouds  are  common,  and  the  radiometrically 
cool  surface  of  open  water  enhances  atmospheric  effects 
on  brightness  temperature.  This  becomes  more  impor¬ 
tant  for  SSM/I  than  SMMR  because  the  lowest  SSM/I 
frequency  is  19.4  GHz. 

For  the  Arctic  it  is  reasonable  to  assume  that  the  at¬ 
mosphere  is  saturated  with  vapor  but  contains  very  little 
cloud  liquid  water  [6].  Under  these  conditions  opacity  may 
be  computed  as  a  function  only  of  T^.  At  19.4  GHz  the 
atmospheric  attenuation  due  to  water  vapor  is  approxi¬ 
mated  as: 


0.0878(r^ -225.8) 


^vap  — 


1000 


-Np 


(3) 


and  the  weighted  average  atmospheric  temperature  in  (2) 
is  approximated  as: 


(T)  -  -27.5  +  1.08T^  (4) 


B.  The  Surface 

In  the  seasonal  ice  zone  (SIZ),  the  surface  emissivity 
ranges  from  that  of  open  water  to  that  of  thick,  first-year 
ice.  In  addition,  the  radiometer  field  of  view  may  contain 
a  combination  of  open  water  and  various  ice  types. 

A  technique  for  differentiating  between  new,  young,  and 
first-year  ice  types  in  SIZs  has  been  previously  developed 
[4]  for  use  with  the  SSM/I.  The  technique  utilizes  the  mi¬ 
crowave  polarization  and  spectral  characteristics  of  these 
three  ice  types  through  two  microwave  radiance  ratios: 
the  19.4  GHz  polarization,  and  the  spectral  gradient  ra¬ 
tio,  which  is  a  measure  of  the  spectral  difference  between 
the  19.4-GHz  and  the  37,0-GHz  vertically  polarized  radi¬ 
ance  components.  The  combined  use  of  the  spectral  gra¬ 
dient  ratio  and  polarization  reduces  the  low  ice  concen¬ 
tration  bias  generally  associated  with  the  presence  of  thin 
ice  types.  The  microwave  polarization,  which  is  sensitive 
to  changes  in  ice  thickness  and  ice  surface  characteristics, 
is  used  to  classify  new,  young,  and  first-year  ice  types. 
The  polarization  varies  from  about  0.3  for  calm  ice-free 
water,  to  about  0.15  for  new  ice,  and  to  0.03  for  thick 
first-year  ice.  Based  on  this  parameterization,  improved 
sea-ice  concentration  maps  and  maps  of  new,  young  and 
first-year  ice  type  distributions  are  derived. 


Fig.  1.  Emissivity  as  a  function  of  the  thin  ice  algorithm  parameter 
N.  Large  values  of  N  correspond  to  thicker  ice,  while  smaller 
values  of  N  correspond  to  very  thin  ice. 


In  this  study,  the  effective  emissivity  of  water  for  the 
19.4  GHz  SSM/I  channel  was  determined  empirically  to 
be  0.67.  The  emissivity  for  thin  ice  is  a  function  of  ice 
type.  The  thin  ice  algorithm  classifies  ice  type  on  a  scale 
from  0-1000.  The  associated  emissivity  relationship  at 
19.4  GHz  is  shown  in  Figure  1. 

This  relationship  was  determined  empirically  using 
AVHRR  surface  temperature  estimates  and  land  station 
observations. 

III.  Description  of  the  Ice  Temperature 
Algorithm 

Following  the  lead  of  Gloersen  et  al.  [5],  the  algorithm 
takes  advantage  of  the  first  order  relationship  between 
brightness  temperature  and  the  physical  temperature  of 
the  radiating  portion  of  the  target.  Neglecting  the  small 
contribution  from  the  reflected  terms  in  (1),  the  inclusion 
of  an  atmosphere  and  surface  model  produce  the  following 
equation: 


Tb  =  etotTse  <  T  >  (1  -  (5) 


where: 


Tb 

^tot 

<T> 

f^vap 


=  measured  brightness  temperature 
=  total  surface  emissivity  based  on  retrieved 
ice  concentrations  and  type,  at  19.4  GHz 
—  weighted  atmospheric  temperature  as  a 
function  of  at  19.4  GHz 
=  atmospheric  attenuation  coefficient  as  a 
function  of  Tg,  at  19.4  GHz 


Referring  to  (5),  is  measured,  is  estimated  using 
the  output  of  the  thin  ice  algorithm,  leaving  as  the 
only  unknown.  Because  of  the  dependence  of  Kyap  on 
T^ ,  (5)  cannot  be  solved  directly,  so  an  iterative  routine 
is  employed. 
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The  routine  begins  with  a  first  guess  value  for  surface 
temperature  and  calculates  an  expected  .  This  value 
is  then  compared  with  the  actual  measured  brightness 
temperature,  and  the  next  guess  at  surface  temperature 
is  adjusted  accordingly.  This  routine  typically  converges 
in  three  iterations  over  the  seasonal  ice  zone. 

IV.  Temperature  Evaluation 

For  obvious  reasons  reliable  ground  truth  data  is  rare  in 
the  polar  regions.  Expeditions  are  few  and  usually  provide 
only  a  few  point  measurements  of  ice  temperature  at  best. 
One  potential  source  of  surface  information  is  the  Arctic 
Ocean  Buoy  Program  (AOPB),  which  monitors  several 
buoys  drifting  freely  on  ice  floes  throughout  the  central 
Arctic.  For  this  study,  however,  we  focus  on  the  seasonal 
zone  where  buoys  are  rarely  found. 

We  have  compared  our  temperature  estimates  with 
those  derived  previously  from  AVHRR  images  [7].  There 
are  several  inherent  differences  between  the  two  tech¬ 
niques.  The  skin  depth  of  ice  and  snow  is  much  smaller 
at  infrared  frequencies  that  at  microwave  frequencies. 
Therefore,  the  temperatures  derived  from  IR  observations 
are  expected  to  reflect  the  air  temperature  for  all  but  the 
thinnest  ice.  The  temperatures  derived  from  the  SSM/I, 
on  the  other  hand,  will  represent  the  ice  temperature,  even 
when  there  is  a  snow  layer  on  the  ice.  For  thinner  ice  and 
snow  covered  ice  this  will  usually  be  significantly  warmer 
than  the  air  temperature. 

A  typical  image  from  the  Bering  Straight  is  shown  in 
Figure  2.  This  image  represents  SSM/I  derived  tempera¬ 
tures  on  Julian  day  95  of  1988. 

The  trends  observed  in  this  image  are  similar  to  those 
previously  observed  [7].  Differences  between  the  two  have 
several  sources.  First,  one  must  be  careful  when  interpret¬ 
ing  SSM/I  pixel  that  are  adjacent  to  land.  These  pixels 
often  are  “contaminated”  by  the  presense  of  land  and/or 
fast  ice  within  the  antenna  footprint.  Second,  it  is  very 


Fig.  2.  A  typical  retrieval  in  the  Bering  Sea.  Land  is  masked  in 
black  (Alaska  to  the  right,  Siberia  at  the  top,  and  St.  Lawrence 
Island  in  the  middle)  The  temperature  ranges  from  250  to  273 
Kelvin 


difficult  to  mask  clouds  and  diamond  dust  in  AVHRR 
images.  Regions  containing  scattered  cloud  cover  in  the 
AVHRR  imagery  must  be  viewed  with  decreased  confi¬ 
dence  in  the  retrieved  temperature.  Finally,  because  of 
the  differences  in  penetration  depth,  we  can  expect  differ¬ 
ences  between  the  AVHRR  and  SSM/I  in  several  regions. 

V.  Conclusions 

A  new  technique  for  estimating  ice  temperature  from 
SSM/I  radiances  has  been  developed.  The  algorithm  uses 
the  ice  concentration  and  type  from  the  thin  ice  algorithm 
to  estimate  the  surface  emissivity.  This  emissivity  is  used 
to  solve  a  transcendental  equation  for  the  surface  tem¬ 
perature.  Comparisons  with  temperatures  derived  from 
AVHRR  observations  are  encouraging  in  the  seasonal  ice 
zone.  Further  testing  and  possible  refinement  are  needed 
to  ensure  that  this  technique  will  be  applicable  through¬ 
out  the  freeze-up  and  winter  seasons. 
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Abstract  -  The  NASA  Scatterometer  (NSCAT)  to  be 
launched  in  August  1996  is  designed  to  measure  wind  vectors 
over  ice-free  oceans.  To  prevent  contamination  of  the  wind 
measurements,  by  the  presence  of  sea  ice,  an  algorithm  based 
on  only  NSCAT  data  is  described.  Results  are  presented  for  a 
neural  network  trained  using  dual  linear  polarized  Ku-band 
backscatter  measured  by  the  SeaSat-A  Satellite  Scatterometer 
(SASS).  These  results  demonstrate  the  utility  of  neural 
network  classifiers  to  provide  this  ice  flag.  Results  are 
presented  for  both  multilayer  perceptron  (MLP)  and  a 
learning  vector  quantization  (LVQ)  neural  networks. 
Classification  skill  is  evaluated  by  comparisons  with  surface 
truth  and  with  an  independent  ice-flagging  algorithm. 

INTRODUCTION 

In  August  1996,  the  NASA  Scatterometer  (NSCAT)  will  be 
launched  on  Japan's  Advanced  Earth  Observation  Satellite 
(ADEOS)  to  measure  the  surface  winds  over  the  world’s  ice 
free  oceans.  On  each  side  of  the  subsatellite  track,  the 
NSCAT  will  measure  the  ocean  normalized  radar  backscatter 
(sigma-0)  at  three  azimuths.  Further,  for  one  azimuth,  the 
antenna  is  dual  polarized  with  linear,  vertical  and  horizontal 
polarization's  (V-pol  and  H-pol).  Since  land,  or  ice  within  the 
antenna  instantaneous  field  of  view  (IFOV),  will  contaminate 
the  ocean  wind  measurement,  it  is  necessary  to  identify  and 
remove  measurements  so  affected.  For  land,  the  process  is 
relatively  simple  using  land  maps  and  knowledge  of  the 
antenna  IFOV’s.  However,  because  of  its  dynamic  nature,  it  is 
difficult  to  identify  the  extent  of  sea  ice.  Usually,  the  sea  ice 
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boundary  is  determined  from  a  variety  of  satellite  remote 
sensing  data  e.g.,  visible,  infrared  and  passive  microwave; 
however  the  non-simultaneity  of  these  measurements  with 
ADEOS  can  lead  to  significant  errors  as  well  as  increased 
complexity  in  the  NSCAT  data  processing.  This  paper 
describes  a  convenient  and  timely  technique  for  determining 
this  boundary  from  the  NSCAT  data  alone.  The  technique 
involves  the  use  of  a  neural  network  algorithm  for  inferring 
sea  ice  cover  using  sigma-O's  from  the  dual  polarized  antenna. 

SEA  ICE  SIGMA-G’s 

To  train  the  neural  network,  backscatter  data  collected  by 
the  SeaSat-A  Satellite  Scatterometer  (SASS)  [1]  were  used. 
During  the  SASS  experiment,  dual  polarized  data  were 
obtained  for  both  the  Arctic  and  Antarctic  regions;  however, 
because  of  a  premature  failure  of  the  satellite,  winter  sea  ice 
data  were  only  available  for  Antarctica.  Sigma-O's  for  July  13, 
1978  were  classified  in  a  two  step  process.  First,  they  were 
associated  with  ocean  or  sea  ice  using  an  independent  co¬ 
polarized  backscatter  algorithm  by  Yueh  [2].  Next,  they  were 
compared  with  independent  Antarctic  ice  classification  charts 
from  National  Snow  and  Ice  Data  Center  to  establish 
credibility.  An  example  of  the  sigma-0  data  for  one  revolution 
is  shown  in  Fig.  1 .  Data  from  four  even  revolutions  were  used 
to  train  the  neural  network,  and  data  from  seven  odd 
revolutions  were  used  as  an  evaluation  set.  Because  of 
significant  overlap  of  the  SASS  swaths,  this  method  provided 
an  excellent  means  for  comparison.  For  the  training  set,  a 
conservative  approach  was  adopted  whereby  data  from  both 
the  ocean  and  ice  were  deleted  within  about  100  km  on  both 
sides  of  the  sea  ice  boundary.  In  this  manner  low  ice 
concentrations  area  coverage)  associated  with  the 
marginal  ice  zone  were  excluded.  For  the  evaluation  set. 
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sigma-O  data  were  subjectively  classified  using  an  even  more 
conservative  criteria  that  identified  mixed  ocean/ice  regions 
as  ice.  In  this  way,  those  sigma-O's  classified  as  ocean  were 
certain  to  be  "not-contaminated". 


NEURAL  NETWORK  CLASSIFIERS 

Neural  nets  have  been  successfully  used  for  classifying 
radar  backscatter  [2-4]  and,  in  particular,  to  classify  SAR 
images  of  sea  ice  [3].  The  two  most  common  neural 
classifiers  applied  to  sea  ice  classification  are  the  Learning 
Vector  Quantization  (LVQ)  and  the  Multilayer  Perceptron 
(MLP)  classifiers.  The  former  employs  a  simple  learning  rule 
developed  by  Kohonon  [5];  whereas  the  latter  uses  a  number 
of  learning  rules  of  which  the  most  common  is  the 
backpropagation  rule,  based  on  the  gradient  descent  method 
of  optimization. 

In  this  work,  we  applied  the  LVQ  and  MLP  neural 
classifiers  to  classify  sigma-0  measured  by  the  SASS  over 
Antarctica.  The  sigma-0  values  were  co-registered  V-pol/H- 
pol  pairs  from  the  SASS  Global  50-Km  binned  sigma-0’ s 
provided  by  the  Jet  Propulsion  Lab  Physical  Oceanography 
Distributed  Active  Archive  Center. 

LVQ  Classifier: 

First,  we  used  a  6x3  Self  Organizing  Map  [5]  neural  net  to 
obtain  weights  to  initialize  a  LVQ  net  with  three  input 
neurons  and  six  output  neurons.  Each  of  the  output  neurons 
was  labeled  by  a  known  class  (i.e.,  water  or  ice).  The  next 
step  was  to  train  this  net  with  the  training  set  developed  using 
classification  criteria  as  discussed  above.  The  training  data 
was  iterated  during  the  learning  process  for  10,000  epochs. 
Finally,  the  resulting  net  was  tested  with  the  evaluation  data 
set  which  was  subjectively  classified.  The  result  of  the 
classification  is  shown  in  Table  1. 

MLP  Classifier: 

A  MLP  neural  net,  with  two  hidden  layers,  was  used  to 
classify  the  same  training  data.  The  MLP  net  had  three 
neurons  in  the  input  layer,  12  neurons  in  the  hidden  layers 
(six  each)  and  two  neurons  in  the  output  layer.  The  net  was 
initialized  with  random  weights  and  biases.  Fig.  2  depicts  the 
architecture  of  the  MLP  neural  net  that  was  trained  using  the 
backpropagation  method  with  momentum  term  [6]  until  the 
total  squared  error  reached  a  satisfactory  level.  The  resulting 
weights  and  biases  of  the  net  were  used  to  classify  the 
evaluation  data  set.  The  result  of  the  MLP  classification  is 
also  listed  in  Table  1. 


RESULTS  AND  DISCUSSION 


Although  the  MLP  neural  classifier  was  more  difficult  to 
design  and  stabilize,  and  took  longer  time  to  converge,  it 
performed  better  than  the  LVQ  classifier.  In  addition,  the 
MLP  classifier  was  able  to  generalize  better  to  data  that  was 
not  presented  during  training  (e.g.,  mixed  ocean/ice). 

The  MLP  had  two  output  categories,  namely;  ice,  and 
ocean.  Whenever  the  output  of  the  net  was  -1  and  1,  the  class 
declared  was  ice  and  vice  versa  for  water.  However,  when  the 
net  can  not  classify  a  point,  the  output  will  be  0  for  both 
output  neurons.  In  this  case,  the  decision  is  “mixed”. 

We  compared  the  neural  network  (NN)  output  with  the 
subjective  classification  (SubC)  for  the  odd  revolutions 
(evaluation  data  set).  Because  the  objective  of  this  research  is 
to  properly  classify  ice-free  ocean,  the  success  criteria  was 
defined  as:  a  match  between  the  NN  and  SubC  for  ocean  and 
ice;  or  data  classified  by  the  NN  as  mixed  when  the  SubC  is 
classified  as  ice.  Further,  there  were  a  small  percentage  (< 
1  %)  of  SASS  ocean  sigma-O’s  that  were  anomalous  (H-pol  > 
V-pol).  For  these  cases,  neural  network  outputs  of  mixed 
were  also  counted  as  successful.  The  rationale  for  this  being 
that  anomalous  sigma-O's  should  be  "flagged”.  Plots  of  the 
data  classified  as  ice  or  mixed  are  presented  in  Fig.  4-6. 

In  conclusion,  the  classification  skill  for  the  two  neural 
networks  are  excellent  which  demonstrates  the  suitability  of 
such  algorithms  for  NSCAT  sea  ice-edge  flagging.  Once  the 
designing  and  learning  process  is  completed,  the  algorithm 
can  produce  reliable  ice  flags  in  real  time.  Future  work  will 
include  additional  input  neurons  to  include  multiple  azimuth 
viewing. 
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Absract-  For  enhanced  accuracy  in  the  determination  of 
heat  fluxes  in  the  polar  regions,  estimates  of  ice  thick¬ 
ness  are  necessary.  Only  passive  microwave  sensors  pro¬ 
vide  daily  global  surface  information,  but  ice  thickness  is 
not  directly  measurable  from  this  data  source.  Neverthe¬ 
less,  different  ice  types,  associated  with  a  certain  thick¬ 
ness,  are  distinguishable  resulting  from  different  emissivi- 
ties.  Two  methods  using  SSM/I  data  for  this  discrimina¬ 
tion  are  compared  with  satellite  infrared  data  and  aircraft 
measurements.  The  SSM/I  results  are  in  good  agreement 
with  those  data.  Therefore,  either  method  should  greatly 
improve  heat  flux  calculations. 

INTRODUCTION 

Distinction  between  consolidated  first-year  ice  and  areas 
of  thinner  ice  are  needed  for  ocean  to  atmosphere  heat 
flux  calculations  and  therefore  for  a  better  understanding 
of  polar  heat  budgets.  Only  satellite  passive  microwave 
sensors  can  provide  daily  coverage  for  monitoring  the 
rapidly  changing  thin  ice  areas.  Results  of  two  recently 
published  methods  ([3], [5])  using  data  from  the  DMSP 
Special  Sensor  Microwave  Imager  (SSM/I)  are  compared 
with  high  resolution  aircraft  data  and  cloud-free  infrared 
data  from  the  Advanced  Very  High  Resolution  Radiome¬ 
ter  (AVHRR)  over  the  Bering  Sea  in  spring  1988. 

One  [3]  (hereafter  refered  as  thin  ice  algorithm)  is  a 
modification  of  the  NASA  Team  ice  concentration  algo¬ 
rithm  [2]  which  uses  a  new-ice  tiepoint  instead  of  the 
commonly  used  multiyear  ice  tiepoint.  This  algorithm 
also  corrects  for  low  concentration  biases  typically  as¬ 
sociated  with  the  presence  of  new  and  young  ice.  The 
other  method  [5],  called  the  Polynya  Signature  Simula¬ 
tion  Method  (PSSM),  was  developed  for  high  resolution 
(6.25  km)  estimates  of  polynya  areas  using  the  polariza¬ 
tion  ratio  at  85  GHz  and  37  GHz.  The  method  is  applied 
for  the  entire  Bering  sea  and  extended  to  discriminate  be¬ 
tween  young  and  first-year  ice. 

The  wintertime  Bering  Sea  is  particularly  well  suited 
for  testing  thin  ice  algorithms  because  of  the  absence  of 
0-7803-3068-4/96$5.00©1996  IEEE 


Figure  1:  Channel  4, thermal  infrared  image  of  the  Bering 
seen  in  April,  1988,  from  the  AVHRR. 

multiyear  ice  and  of  the  presence  of  large  coastal  polynyas 
which  provide  extensive  areas  of  new  and  young  ice. 

COMPARISON  WITH  AVHRR 

Fig.l  shows  the  channel  4  AVHRR  thermal  infrared  tem¬ 
peratures  of  the  Bering  Sea  for  April  4,  1988  mapped  onto 
a  6.25  km  grid.  Fig. 2  shows  the  PSSM  results  which  dis¬ 
tinguish  between  young  and  first-year  ice.  One  can  clearly 
see  the  very  good  agreement  between  these  two  data  sets. 
The  high  resolution  ice  edge  as  well  as  even  small  areas  of 
thin  ice  or  loose  ice  pack  are  identified  in  the  PSSM  re¬ 
sult.  The  ice  classification  using  the  thin  ice  algorithm  is 
shown  in  Fig. 3.  Although  the  spatial  resolution  is  lower, 
the  image  shows  that  the  polynyas  south  of  St.  Lawrence 
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Figure  2:  Result  of  the  PSSM  (same  area  as  Fig.l).  Black 
is  open  water,  dark  grey  young  or  thin  ice,  grey  first-year 
ice,  and  white  land. 

Island  and  in  Norton  Sound  are  resolved  and  are  in  good 
agreement  with  the  thin  ice  distribution  associated  with 
higher  infrared  temperatures  in  the  AVHRR  data.  For  a 
more  quantitative  comparison,  the  different  ice  types  de¬ 
termined  using  the  SSM/I  algorithms  are  plotted  against 
the  AVHRR  temperature  (Fig. 4)  Both  the  AVHRR  tem¬ 
peratures  and  the  PSSM  results  are  degraded  into  the 
25  km  SSM/I  grid.  The  ice  type  versus  temperature  plot 
(Fig. 4)  shows  decreasing  infrared  temperatures  with  in¬ 
creasing  ice  thickness  as  defined  from  the  ice  types.  The 
agreement  between  the  average  temperatures  using  the 
PSSM  and  thin  ice  algorithm  methods  is  within  2  K.  This 
difference  and  also  the  higher  standard  deviation  for  new 
ice  in  the  PSSM  results  from  the  fact,  that  there  is  no 
distinction  between  new  and  young  ice.  The  significantly 
larger  temperature  difference  between  open  water  and  new 
ice  than  between  the  other  ice  types  reflects  the  immedi¬ 
ate  decrease  in  heat  flux  between  ocean  and  atmosphere 
during  the  first  centimeters  of  ice  growth. 

COMPARISON  WITH  AIRCRAFT  DATA 

The  aircraft  data  were  obtained  with  the  Navy  Ka-band 
Radiometric  Mapping  System  (KRMS)  during  a  series  of 
DMSP  SSM/I  underflights  in  March  1988  in  support  of 
the  NASA  Sea  Ice  Validation  Program  [1].  Analysis  of 
the  KRMS  data  obtained  on  March  13  provide  informa¬ 


Figure  3:  Ice  types  as  derived  from  the  thin  ice  algorithm. 
Greyscale  as  Fig. 3,  but  black-gray  indicates  new  ice. 

tion  on  the  ice  concentration  and  ice  type  in  the  vicinity 
of  St.  Lawrence  Island  [4].  A  total  of  40  SSM/I  pixels 
over  the  Bering  Sea  for  March  13  are  classified  using  the 
two  SSM/I  algorithms  and  are  compared  with  the  results 
of  the  KRMS  analysis  (see  Table  1).  Unfortunately  on 
March  13  there  was  no  significant  polynya  south  of  St. 
Lawrence  Island  so  that  the  vast  majority  of  pixels  con¬ 
sists  of  first- year  ice.  Almost  all  of  these  first- year  ice  pix¬ 
els  are  classified  correctly  by  both  methods.  Because  the 
resolution  of  the  PSSM  is  6.25  km  there  are  four  pixels  for 
each  25  km  SSM/I  pixel.  Additionally,  ice  classification 
excluding  coastal  pixels  as  defined  in  the  high  resolution 
land  mask  [6]  is  shown  seperately.  In  addition  to  the  first- 
year  ice  pixels,  most  of  the  young  ice  pixels  are  classified 
correctly.  Those  pixels  where  the  KRMS  and  the  thin  ice 
algorithm  mismatch  (pixels  32,  36)  have  mixed  classes  in 
the  PSSM  results.  The  last  four  pixels  are  highly  contam¬ 
inated  by  land.  The  fact  that  there  are  no  new  ice  pixels 
and  that  the  number  of  young  ice  pixels  is  very  small  pre¬ 
cludes  a  useful  numerical  comparison. 

CONCLUSIONS 

Open  water  and  thin  ice  distributions  derived  from  DMSP 
SSM/I  radiances  using  two  different  methods  are  com¬ 
pared  with  aircraft  measurements  and  with  AVHRR  im¬ 
agery  over  the  Bering  Sea,  There  is  generally  a  good 
qualitative  agreement  in  both  comparisons.  Use  of  either 
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Figure  4:  Ice  types  derived  from  the  two  SSM/I  algo¬ 
rithms  plotted  against  the  AVHRR  temperatures.  The 
mean  temperatures  are  plotted  as  a  solid  line  for  the  PSSM 
and  dotted  for  the  thin  ice  algorithm. 


method  should  greatly  improve  heat  flux  calculations.  The 
choice  of  method  depends  predominantly  on  the  spatial 
scale  needed.  For  large  scale  analyses  (25  km  or  higher) 
the  thin  ice  algorithm  is  easier  to  use  and  less  sensitive 
to  weather  effects.  The  PSSM  has  an  advantage  in  small 
scale  studies  (6.25  km).  Nevertheless,  both  algorithms  are 
currently  limited  to  seasonal  sea  ice  zones.  Application  to 
the  entire  Arctic  region  needs  further  work  to  eliminate 
ice- type  ambiguities  that  arise  from  the  presence  of  mul¬ 
tiyear  ice. 


Table  1:  Classification  of  surface  types  using  the  KRMS 
aircraft  data,  the  thin  ice  algorithm  and  the  PSSM.  F 
indicates  first-year  ice  and  Y  young  ice.  The  PSSM  results 
have  the  additional  flag  of  land  (L).  The  -P  indicates  the 


including  of  the  coast  and  the  —  the  excluded  case. 


Pixel 

KRMS 

Thin  ice  alg. 

PSSM+ 

PSSM- 

1 

F 

Y 

Y  Y  Y  Y 

Y  Y  Y  Y 

2 

F 

F 

F  F  F  F 

F  F  F  F 

3  ••31 

F 

F 

F  F  F  F 

F  F  F  F 

32 

Y 

F 

F  F  Y  Y 

F  F  Y  Y 

33 

Y 

-1 

Y  Y  Y  Y 

Y  Y  Y  Y 

34 

Y 

F 

Y  Y  Y  Y 

Y  Y  Y  Y 

35 

Y 

Y 

Y  Y  Y  Y 

Y  Y  Y  Y 

36 

Y 

F 

F  YY  Y 

F  Y  Y  Y 
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Abstract  --  In  this  paper  we  describe  an  image  processing 
technique  that  separates  ice-water  composites  and  determines 
the  floe  size  distribution  and  concentration  from  SAR  polar 
imagery.  At  marginal  ice  zones  (MIZs),  ice  dynamics  are 
active,  providing  important  information  for  climatic 
indications  and  polar  navigation.  Hence,  the  identification  of 
the  ice-water  composites  and  floe  size  distribution  in  these 
areas  is  of  importance  to  geophysicists  and  polar  navigator. 
We  have  designed  a  multi  phase  technique  that  combines 
Gaussian  approximation,  Laplacian  measurement  and 
structural  modeling  to  obtain  ice-water  segmentation  and  floe 
extraction.  With  this  technique  we  compute  floe  size 
distribution,  ice-water  composites,  and  coverage  statistics. 
We  have  successfully  tested  our  technique  on  a  database  of 
SAR  MIZ  imagery  and  established  floe  distribution  and  ice 
coverage  maps  for  the  corresponding  areas. 

INTRODUCTION 

At  marginal  ice  zones  (MIZs)  ice  dynamics  are  active, 
providing  important  information  for  climatic  indications  and 
polar  navigation.  A  record  of  temporally  different  floe  size 
distributions  tell  us  how  floe  sizes  have  changed  over  time 
(lateral  growth  or  melt),  and  hints  on  the  relationship  between 
temperature  and  melt  and  freeze  dynamics.  In  addition,  a 
map  of  floe  size  distribution  helps  polar  navigators  plan  an 
optimal  route,  for  example,  to  avoid  large  multiyear  ice  floes. 
Also,  ice  coverage  statistics  give  geophysicists  a  picture  of 
ice-water  composition  in  the  region  under  analysis. 

Given  a  SAR  MIZ  image,  our  technique  is  able  to  classify 
the  ice-water  composites  into  three  classess:  ice,  water,  and 
background  matrix,  using  a  combination  of  bi-normal 
Gaussian  curve  approximation  and  Laplacian  edgyness 
measurement.  The  resultant  classes  are  examined,  and 
features  with  irregular  geometric  properties  are  filtered  out. 
In  addition,  in  most  SAR  sea  ice  imagery,  adjacent  ice  floes 
touch  forming  a  network  of  conglomerated  ice  floes, 
concealing  separatedness  among  ice  floes  and  hindering  floe- 
dependent  analyses.  We  have  developed  a  restricted  growing 
concept,  aimed  at  achieving  object  separation  while 
maintaining  accuracy.  Coupling  the  concept  with  our 
classification  program,  we  are  able  to  compute  floe  size 
distribution,  ice-water  composites,  and  coverage  statistics.  In 
the  following,  we  will  focus  our  discussion  on  the 
methodology  and  its  results  when  applied  to  SAR  sea  ice 
imagery. 


METHODOLOGY 

Our  technique  consists  of  five  stages:  primary  image 
segmentation,  floe  extraction,  floe  filtering,  secondary  image 
segmentation,  and  computation  of  floe  size  distribution  and 
coverage  statistics.  A  mathematical  morphology-based 
technique  that  estimated  floe  size  automatically  using  a  disc¬ 
like  mask  to  perform  morphological  operations  on  the  floes 
was  proposed  in  [1].  However,  we  see  three  disadvantages  in 
this  scheme.  First,  the  distribution  is  an  estimation  since  it  is 
based  on  approximating  discs.  Second,  floes  are  connected 
and  treated  as  a  piece  of  large  floe.  Third,  the  segmentation 
technique  (a  simple  binary  intensity  thresholding)  used  is  not 
applicable  to  most  SAR  sea  ice  imagery.  The  objectives  of 
our  technique,  on  the  other  hand,  are  to  extract  floes 
accurately  for  Aeir  sizes  and  distinguish  background  matrix 
from  water  regions.  Our  approach  is  to  first  differentiate  floe 
and  non-floe  regions  using  intensity-based  segmentation,  and 
then  distinguish  background  matrix  and  water  from  the  non¬ 
floe  regions  using  Laplacian  edge-based  segmentation. 

Primary  Image  Segmentation 

This  segmentation  is  based  on  local  dynamic  thresholding 
[2],  which  has  been  proven  to  be  able  to  detect  local  details  of 
the  segmentation  and  be  adaptive  to  different  SAR  sea  ice 
imagery  across  which  intensity  of  similar  ice  classes  vary. 
The  technique  was  modified  to  accommodate  SAR  sea  ice 
imagery  composed  of  floes,  background  matrix,  and  water.  It 
first  divides  the  image  into  smaller  regions  and  then  applies 
Gaussian  approximation  to  each  region’s  histogram.  From 
the  resulting  best  fit  curve,  an  optimal  threshold  is  obtained 
through  maximum  likelihood  method.  The  collection  of  all 
computed  thresholds  is  further  divided  into  two  sets,  of  which 
we  use  only  one  to  segment  the  image  into  floes  and  non¬ 
floes.  This  is  because  for  SAR  sea  ice  imagery  that  consists 
of  floes,  background  matrix,  and  water,  background  matrix 
and  water  regions  cannot  be  directly  separated  under  our 
implementation  of  local  dynamic  thresholding  due  to  their 
overlapping  intensity  ranges.  This  segmentation  stage  thus 
produces  floe  and  non-floe  regions,  and  the  non-floe  region 
will  be  further  segmented  during  the  secondary  segmentation 
phase. 

Floe  Exffaction 

For  floe  identification  in  satellite  images,  a  technique  that 
integrated  mathematical  morphology  and  principal  curve 
clustering  was  presented  in  [3].  The  authors  used  the 
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erosion-propagation  (EP)  algorithm  to  select  the  potential 
edge  pixels  and  provide  an  initial  grouping  of  them  into  floe 
outline;  and  clustering  about  closed  principal  curves  to 
determine  which  floes  to  be  merged.  However,  we  have 
found  that  the  EP  algorithm  suffers  from  two  disadvantages. 
First,  preservation  of  floe  size  and  shape  is  not  satisfactory, 
and  second,  the  number  of  iterations  needed  for  the  EP 
algorithm  to  perform  is  different  for  each  image,  and  its 
determination  requires  human  visual  judgment  and 
experimentation.  Our  technique,  based  on  the  restricted 
growing  concept  [4],  enables  extraction  of  ice  floes 
individually  by  creating  separation  among  floes  while 
preserving  the  original  size  and  shape  of  the  floes,  retaining 
small  ice  floes,  and  requiring  minimal  human  intervention. 
Briefly,  our  floe  extraction  technique  first  shrinks  (using 
probabilistic  labeling)  the  floes  to  their  cores,  thus  creating 
separation  among  touching  floes.  Then,  the  technique  grows 
the  objects  back  to  their  original  sizes  and  shapes  restricted 
by  the  boundary  of  the  original  floes,  under  the  guidance  of 
some  structural  rules  that  prohibit  any  growing  that  will 
destroy  separation  of  floes. 

Floe  Filtering 

This  stage  filters  out  ice  features  that  are  not  floes,  based 
on  an  irregularity  measure,  defined  as  the  ratio  of  the 
perimeter  over  the  size  of  the  floe.  If  this  ratio  is  low,  that 
means  the  floe  is  compact  and  thus  accepted;  otherwise  it  is 
eliminated. 

Secondary  Image  Segmentation 

To  distinguish  background  matrix  and  water,  we  have 
designed  a  Laplacian-based  local  dynamic  thresholding,  a 
variant  of  Laplacian  filtering  thresholding  [5]  and  Gradient 
thresholding  [6].  First,  floe  regions  are  masked  from  this 
phase  of  processing.  Second,  for  each  pixel,  its  Laplacian 
value  is  computed.  Third,  Laplacian  histograms  of  local 
regions  are  analyzed  such  that  only  histogram  with  high 
"edgyness"  value  qualify  for  further  processing.  Each  bin  of 
the  histogram  represents  a  gray  level  value,  gi,  of  the  local 
region,  while  its  frequency  is  the  sum  of  the  Laplacian  values 
associated  with  any  pixel  that  has  the  gray  level  value  gi. 
Edgyness  is  the  normalized  sum  of  neighboring  differences  of 
the  bins  of  the  Laplacian  histogram.  If  the  region  is 
homogeneous,  its  frequencies  of  Laplacian  values  will  be 
close  and  thus  its  edgyness  will  be  low;  otherwise,  the 
measure  will  be  high.  Fourth,  for  each  qualified  histogram,  a 
threshold  is  computed  by  selecting  the  gray  level  that 
maximizes  the  cumulative  probability  that  its  location  is  in 
the  middle  of  an  edge  transition.  This  is  accomplished  by 
selecting  the  gray  level  gi,  such  that  the  bin  has  the  largest 
value  among  all  other  bins.  Fifth,  region  interpolation  and 
point  interpolation  are  executed  to  ensure  that  each  region 
and  pixel  have  one  threshold.  Finally,  the  binary  decision  is 
performed  to  segment  the  processed  regions  into  background 
matrix  and  water. 


Floe  Size  Distribution  and  Coverage  Statistics 

Finally,  a  program  is  used  to  generate  two  types  of 
numerical  statistics:  1)  distribution  of  designated  floe  size 
bins  of  the  image,  by  grouping  similar  floe  sizes  into  the 
same  bin,  and  2)  ice  coverage — distributions  of  floes, 
background  matrix,  and  water. 

RESULTS 

Fig.l  shows  an  original  SAR  summer  MIZ  image,  located 
at  the  Beufort  Sea.  As  noted,  this  image  contains  ice  floes 
that  are  darker  than  their  surrounding.  Water  regions  appear 
bright  and  the  background  matrix — a  composition  of  slush  ice 
and  water  mixture — resides  at  an  intensity  range  close  to  the 
water’s.  Fig.2  shows  the  floe-water-background  matrix 
segmentation  and  floe  size  distribution.  The  bright  regions 
are  water  regions.  The  dark  regions  are  background  matrix 
regions.  The  other  shaded  regions  are  floes.  The  coverage 
statistics  are:  floes  occupy  42,05%,  background  matrix 
40.43%,  and  water  17.52%.  The  different  shaded  regions 
indicate  different  bins  of  floe  sizes.  Table  1  shows  the  floe 
size  distributions  of  the  image.  As  we  can  see  from  the  two 
images,  most  of  the  floes  were  detected  and  the  floe  sizes 
were  preserved  nicely,  enabling  an  accurate  measurement  of 
floe  size  distribution.  In  addition,  the  water  and  background 
matrix  regions  were  separated  from  each  other,  completing 
the  final  ice-water  comp)osition  map.  In  general,  we  have 
tested  successfully  our  technique  on  a  database  of  MIZ  data 
where  floe,  water,  and  background  matrix  regions  co-exisL 

CONCLUSIONS 

We  have  designed  a  technique  that  separates  ice-water 
composites  and  computes  floe  size  distributions.  This 
technique  requires  minimal  human  intervention:  one  only  has 
to  determine  which  of  the  two  classes  generated  by  the 
primary  image  segmentation  phase  is  the  floe  region.  We 
have  applied  this  technique  on  a  database  of  SAR  sea  ice 
imagery  and  obtained  successful  results  in  generating  ice 
coverage  statistics  and  identifying  floes  and  their  sizes. 
However,  this  technique  does  not  perform  well  when  one  of 
these  regions  is  missing  since  the  methodology  assumes  such 
three  classes  in  the  image.  In  the  future,  we  aim  at  extending 
this  work  to  handle  different  classes  of  images,  and  also 
eliminating  the  need  for  inspecting  the  image  for  floe 
intensity  identification. 
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Table  1.  The  floe  size  distributions  of  the  image  in  Fig.l. 

Six  size  bins  were  used.  To  interpret,  for  example,  there  are 

1365  pieces  ice  floes  with  size  less  than  100  pixels,  covering 

6.11%  of  the  image.  The  image  size  is  1024  x  1024  pixels. 


size  bin  (pixels)  I  #  of  floes  I  %  of  area  covered 
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Figure  1.  The  original  of  a  SAR  MIZ  image,  Aug  17  1991,  at 
74.43®N,  144.29‘’W.  Bright  regions  are  water  regions,  floes 
are  daik,  and  background  matrix  occupies  the  middle  range. 


Figure  2.  The  classified  image  of  Fig.l.  Legend:  Bright 
denotes  water.  Dark  denotes  background  matrix.  Different 
shades  denote  different  bin  sizes  of  floes. 
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Abstract  -  Recent  technological  advances  in  lasers  and 
detectors  now  permit  realization  of  relatively  low  cost  and 
eye-safe  lidars.  Eye  safety,  even  in  the  visible  and  near-IR 
regions,  can  be  achieved  by  reducing  laser  pulse  energies 
to  a  few  micro-joules.  The  reduced  signals  due  to  such 
low  transmitted  pulse  energies  can  be  at  least  partially 
offset  by  operating  at  higher  pulse  repetition  frequencies 
(PRF's).  Laser  diodes  as  lidar  transmitter  sources  offer 
advantages  of  low  cost,  several  available  wavelengths  and 
high  PRF’s,  but  they  have  also  suffered  from  limitations  of 
very  low  pulse  energies,  spectrally  broad  pulsed  operation 
and  wide  beam  divergence.  However,  the  development  of 
master  oscillator-power  amplifier  (MOPA)  laser  diode 
configurations  now  offers  the  possibility  of  single-mode 
pulsed  operation  at  microjoule  and  higher  energy  levels 
with  reduced  beam  divergence.  High  efficiency  photon 
counting  avalanche  photodiodes  (APD’s)  have  also  become 
available  which  are  capable  of  counting  at  high  rates  (--20 
MHz),  thus  permitting  effective  detection  of  micro-pulse 
lidar  (MPL)  signals.  This  paper  addresses  the  design 
requirements  of  laser  diode  lidars,  based  on  these 
technological  innovations,  to  achieve  effective  aerosol  and 
DIAL  water  vapor  sensing. 

INTRODUCTION 

Recent  advances  in  laser  and  detector  technology  permit 
development  of  relatively  low  cost  eye-safe  lidars.  In 
particular,  GaAlAs  diode  lasers  operating  in  the  ~750  nm 
to  --950  nm  wavelength  range  have  become  available 
which  can  produce  microsecond  duration  pulses  with 
energies  in  the  micro- Joule  QjlJ)  range  at  '-'10  kHz  pulse 
repetition  frequencies  (PRF’s).  Eye  safety  can  be  achieved 
by  expanding  the  laser  beam  through  a  collimator  to  a 
diameter  not  greater  than  about  25  cm.  The  weak  lidar 
return  signal  from  such  low  transmitted  pulse  energies  can 
be  sensed  by  photon  counting  and  summing  using  new 
highly  efficient  photon  counting  avalanche  photodiode 
(APD)  detectors.  The  high  laser  PRF  permits  summing 
over  millions  of  pulses  to  achieve  large  signal-to-noise 
ratios  (SNR’s)  in  fairly  short  time  intervals  of  several 
minutes. 

The  wavelength  range  spanned  by  GaAlAs  laser  diodes 
is  quite  effective  for  aerosol  sensing  and  also  presents  the 
opportunity  for  differential  absorption  lidar  (DIAL)  water 
vapor  sensing  using  the  ~830  nm  water  vapor  absorption 
region  [!]•  DIAL  type  water  vapor  sensing  using 
0-7803-3068-4/96$5.00(c)1996  IEEE 


pseudorandom-noise  modulated  cw  laser  diode  has  also 
been  demonstrated  on  a  preliminary  basis  [2].  This  paper 
presents  an  update  on  the  prospects  for  laser  diode  based 
lidars.  Design  innovations  necessary  to  achieve  effective 
aerosol  and  water  vapor  sensing  are  discussed. 
Simulations  are  also  included  to  demonstrate  anticipated 
system  performance. 

SYSTEM  CONSIDERATIONS 

A  proposed  conceptual  design  for  a  laser  diode  based 
aerosol  and  water  vapor  DIAL  lidar  is  shown  in  block 
form  in  Fig.  1.  The  laser  diode  Master  Oscillator-Power 
Amplifier  (MOPA)  source  is  the  key  system  component. 
It  provides  the  means  for  achieving  both  spectrally 
stabilized  operation,  via  frequency  lock/control  of  the  cw 
seed  laser  diode  Master  Oscillator,  and  micro-Joules  level 
output  pulses,  via  current  driver  pulsing  of  the  laser  diode 
Power  Amplifier.  A  discrete  MOPA  design,  with  a  fiber 
optic  (FO)  coupler/isolator,  is  required  for  isolation 
between  the  MO  and  PA  in  order  to  achieve  pulsed  output 
with  the  reduced  spectral  linewidth  normally  only  possible 
with  cw  laser  diode  operation.  Frequency  controlAocking 
to  operate  at  either  on-line  (in  water  vapor  absorption 
line)  or  off-line  wavelengths  with  linewidths  <  —50  MHz 
can  be  achieved  by  locking  the  MO  to  a  water  vapor 
absorption  line  via  feedback  through  an  absorption  cell 
(e.g.,  [2]),  for  the  on-line,  and  adding  current  biasing  to 
shift  to  the  off-line.  Laser  diode  amplifiers  are  available 
which  have  been  used  to  produce  outputs  of  several  watts 
average  power  and  peak  powers  of  '--10  w  [3].  Thus,  this 
approach  offers  a  feasible  means  for  producing 
microsecond  duration  pulses  at  —10  kHz  PRF’s  with 
energies  of  several  micro-Joules  and  a  combined 
linewidth/center  frequency  jitter  spread  <  —100  MHz. 
Current  bias  to  achieve  on/off-line  spectral  selection 
enables  use  of  a  single  transmitter,  reducing  system  cost 
but  preventing  simultaneous  on/off-line  operation. 
Sequential  switching  between  on-  and  off-line  operation 
can  be  efficiently  achieved  at  10  to  20  second  intervals 
which  should  be  short  enough  to  avoid  significant  temporal 
variation  effects.  Collimator  beam  expansion  to  a 
diameter  of  —25  cm  is  sufficient  to  achieve  eye-safety  and 
reduce  the  transmitted  beam  full-angle  divergence  to 
<—200  micro-radians  (/x-rad). 

The  receiver  photon  counting  APD’s  are  the  second 
most  important  system  components.  Active  quench 
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photon  counting  APD’s  are  now  available  (EG&G  SPCM- 
200-AQ  series  detectors)  which  can  photon  count  at  rates 
approaching  20  MHz,  have  insignificant  dark  counts 
(<  --100  counts/sec),  and  have  quantum  efficiencies  of 
-60%  in  the  830  nm  range.  An  Interference  Filter  (IF) 
bandpass  filter,  now  available  with  FWHM  bandwidths 
<  —0.2  nm,  is  used  for  primary  filtering  of  background 
radiation  (significant  for  daytime  operation)  at  both  the 
on-line  and  off-line  wavelengths  (i.e.,  it  is  possible  to 
define  useable  on-  and  off-line  wavelengths  separated  by 
-0.1  nm).  Solid  Fabry-Perot  Etalons  (FPE’s),  with  free 
spectral  ranges  greater  than  the  IF  bandpass,  provide 
additional  filtering  to  reduce  the  on-  and  off-line  receiver 
bandwidths  to  <  —0.02  nm.  Such  narrow-band  receiver 
filtering  is  feasible  by  virtue  of  the  even  narrower 
transmitted  pulse  linewidths  made  possible  by  using  the 
MOPA  approach.  Receiver  primary  optics  up  to  about  40 
cm  in  diameter  still  permit  an  economical,  fairly  compact 
system.  The  receiver  full-angle  FOV  must  be  less  than  the 
transmitted  beam  divergence  (<—200  /x-rad);  hence,  it 
should  be  <  —400  jit-rad.  Through  careful  design,  it  should 
be  possible  to  achieve  an  overall  system  optical 
transmission  efficiency  at  the  on/off-line  wavelengths  of  > 
5%.  The  transmitter  and  receiver  capabilities  defined 
herein  comprise  what  are  considered  to  be  a  feasible  set  of 
parameters  for  a  lidar  based  on  the  MOPA  source  and 
APD  photon  counting  detector  design  innovations. 

LIDAR  AND  DIAL  RELATIONS 

The  received  lidar  signal  for  one  transmitted  laser  pulse 
of  energy  centered  on  wavelength  A,  expressed  in 

received  photoelectrons  n^(z),  for  backscattering  received 
from  a  range  bin  of  length  Az  centered  at  a  distance  z 
from  the  lidar  may  be  expressed  by 

jj  ^  (X) 

IJC 

where  8^  is  the  detector  quantum  efficiency,  h  is  Planck’s 
constant,  c  is  the  speed  of  light, is  the  effective  receiver 
aperture,  atmospheric  unit  volume 

backscattering  coefficient  at  range  z  for  A,  and  T;^^(z)  is  the 
atmospheric  round-trip  transmittance  to  range  z  for  A. 

If  there  is  negligible  background  radiation,  as  occurs  at 
night,  the  ideal  quantum  limited  SNR(z)  is  just 
SNR(^  =  If  the  background  radiation  is 

signification,  as  occurs  during  the  day,  contributing  a  count 
ng  per  range  bin,  the  SNR  becomes 

SNR(^  =  - ^ -  (1^ 

For  M  laser  pulses,  the  SNR  is  increased  by  the 
multiplier  factor  \/M.  While  the  SNR  may  be  quite  low 


for  only  one  micro-Joule  level  laser  pulse,  the  high  PRF’s 
of  laser  diodes  make  it  possible  to  achieve  high  SNR’s 
over  averaging  periods  of  a  few  minutes  or  less. 

The  DIAL  technique  is  implemented  by  making  lidar 
measurements  at  two  wavelengths  A^  and  A2,  where  one  is 
on-line  (in  gaseous  absorption  region),  say  A^  yielding  a 
signal  n^(z),  and  the  other  is  off-line  at  A2  yielding  a  signal 
n2(z).  For  A^  and  A2  quite  close  together  so  that  the 
backscattering  and  non-absorbing  transmittances  are 
effectively  equal  at  each  wavelength  and  assuming  identical 
(or  normalized)  system  characteristics  for  each  wavelength, 
the  ratio  of  the  on-line  to  off-line  signals, 
Q(z)=n^(z)ln2(z),  reduces  to  the  roundtrip  differential 
absorbing  gas  transmittance  T^(z)  through  range 
z;  Q  (z)  =  Tg^(z).  Measurements  at  two  closely  spaced 
ranges  z^  and  Z2  can  be  combined  to  retrieve  the  number 
density  of  the  absorbing  gas  at  z,  N^(z),  by  the  well  known 
DIAL  retrieval  relation 


^  [g(.,)/g(^)] 


(3) 


where  z  =  (z^  -I-  and  crg(z)  is  the  gas  per  molecule 
differential  absorption  cross  section.  For  a  practical  lidar 
with  a  finite  transmitter  spectral  linewidth,  o^{z)  becomes 
a  band-averaged  cross  section  weighted  by  the  transmitted 
spectral  energy  profile  at  z.  Retrieval  accuracy  is  limited 
by  two  major  factors.  One  is  the  measurement  accuracy  of 
Qj(z)  and  Q2(z),  which  improves  with  higher  SNR’s.  The 
other  is  the  accuracy  with  which  o^{z)  can  be  determined, 
which  depends  in  part  on  the  spectral  width  and 
uncertainty  of  the  transmitted  spectral  energy  profile. 

ANTICIPATED  PERFORMANCE 

Anticipated  performance  of  the  proposed  laser  diode 
based  lidar  can  be  estimated  from  simulations  based  on 
the  lidar  system  parameters  and  signal  relationships  given 
in  the  preceding  two  sections.  The  first  step  in  performing 
such  simulations  is  to  select  useable  on-line  and  off-line 
wavelengths.  The  water  vapor  absorption  peak  at 
12,074.57  cm’^  (828.1868  nm)  is  a  good  candidate  for  the 
on-line,  and  the  absorption  minimum  at  12,073  cm“^  (only 
—0.1  nm  separation)  is  a  good  choice  for  the  off-line. 
Linewidths  must  then  be  specified  for  the  lidar  transmitted 
on/off-line  wavelengths  in  order  to  compute  the  band- 
averaged  value  of  crg(z),  including  correcting  for  spectral 
shift  and  broadening  effects.  Trial  computations  revealed 
that  a  (z)  changed  vary  little  for  linewidths  up  to  —300 
MHz;  a  linewidth  of  150  MHz  (—0.005  cm“^)  was  chosen 
for  the  simulations. 

Example  retrievals  obtained  for  daytime  simulations, 
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averaged  over  15  minutes,  assuming  a  Summer  Mid 
Latitude  U.S.  Standard  Atmosphere  model  are  shown  in 
Fig.  2.  Retrieval  uncertainties  due  to  SNR(z)  limitations 
are  indicated  by  +/-  one-sigma  error  bars  on  the  true 
Ng(z)  profile.  Aerosol  scattering  needed  to  compute  /3(z) 
was  modeled  by  a  relatively  clean  aerosol  profile  with 
aerosol  backscattering  only  2.5  times  the  molecular 
backscatter  at  a  height  of  3  km.  The  simulations  assume 
5  fiJ  of  laser  energy  at  the  on/off-line  wavelengths,  a  10 
kHz  laser  PRF,  a  receiver  40  cm  in  diameter  with  a  300  ji- 
rad  FOV,  on/off-line  receiver  bandpasses  of  0.02  nm,  an 
8%  system  optical  transmission  efficiency,  a  range  bin 
length  Az=150  m  and  a  background  per  bin  count 
representative  of  daytime  conditions. 

This  daytime  simulation  yields  a  retrieval  uncertainty 
under  ~±0.5  g/kg  (under  -25%)  up  to  3  km,  a  very 
functional  level  of  performance  for  monitoring  lower 
troposphere/boundary  layer  water  vapor  profiles. 
Nighttime  performance  is  better  due  to  the  absence  of 
significant  background  radiation,  yielding  an  uncertainty  of 
about  +/-  0.1  g/kg  or  less  up  to  3  km.  The  off-line 
SNR(z)  values  are  also  a  few  hundred  or  greater  up  to  5 
km  even  for  daytime,  indicating  very  good  aerosol  sensing 
capability.  These  and  other  results  to  be  included  in  the 
symposium  presentation  of  this  paper  indicate  that  laser 
diode  based  lidars  should  be  quite  effective  for  aerosol  and 
DIAL  water  vapor  sensing. 

Funding  is  being  pursued  to  develop  a  prototype  laser 
diode  based  lidar  similar  in  concept  to  the  one  described 
here  under  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  Office  of  Global  Programs  in  a 
jointly  proposed  effort  involving  Investigators  from  NOAA 
Environmental  Technology  Laboratory,  the  University  of 
Arizona  and  NASA  Goddard  Space  Flight  Center  [4]. 
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Fig.  1  LiJar  system  block  diagram 


HjO  Mixing  Ratio  (g/Kg) 

Fig.  2  Simulated  water  vapor  retrieval 
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Abstract  -  A  second  Antarctic  Miniature  Lidar  instrument  (Ant 
Lidar  II)  has  been  assembled,  tested,  and  deployed  to  the  NOAA 
Clean  Air  Facility  (CAP)  at  the  Amundsen-Scott  South  Pole 
Station.  This  instrument  deployed  in  February  of  this  year 
replaces  the  first  Antarctic  Lidar  (Ant  Lidar  I)  which  operated  at 
the  South  Pole  Station  from  February  to  July  1995  [1].  The 
new  lidar,  as  in  the  first  instrument,  uses  redundant 
commercially  available,  single  element  diode  lasers,  a  20  cm 
Schmidt-Cassegrain  telescope,  and  a  silicon  avalanche 
photodiode  (APD)  operated  in  the  photon  counting  mode.  In 
this  paper  we  present  measurements  from  the  Ant  Lidar  I 
instrument  as  well  as  the  design  of  the  Ant  Lidar  II  instrument 
and  measurements  made  both  prior  to  and  following  its 
installation  at  the  NOAA  CAF  in  February,  1996. 

INTRODUCTION 

Semiconductor  (diode)  lasers  have  been  used  with 
pseudonoise  code  (PN)  amplitude  modulation  in  previous  lidar 
instruments  to  remotely  sense  clouds  and  atmospheric  aerosol 
distributions  at  night  [2-5].  In  addition,  a  differential  ab¬ 
sorption  lidar  (DIAL)  based  on  an  externally  modulated 
AlGaAs  laser  has  made  night  time  measurements  of  integrated 
path  and  range-resolved  atmospheric  water  vapor  [6] . 

In  1993,  the  Experimental  Instrumentation  Branch  at 
Goddard  Space  Flight  Center  was  invited  to  develop  a  compact, 
low  power,  diode  laser  based  lidar  as  part  of  the  on-going 
University  of  Illinois  experimental  program  at  the  South  Pole. 
The  instrument  was  to  be  deployable  in  an  Antarctic 
Geophysical  Observatory  (AGO),  operate  continuously  during 
the  polar  night,  and  record  the  occurrence  of  polar 
stratospheric  clouds  (PSC).  These  clouds  form  at 
altitudes  from  12  to  27  km  and  have  been  implicated  in 
the  destruction  of  polar  stratospheric  ozone  [7,8].  Fig. 

1  shows  two  lidar  profiles  acquired  with  the  University 
of  Illinois  Sodium  Lidar  during  June  and  July,  1990. 

The  graph  depicts  backscatter  ratio  versus  altitude; 
strong  PSC  returns  are  evident  from  13  to  26  km  with 
the  peak  backscatter  descending  over  time. 

The  Ant  Lidar  I  instrument  was  designed,  built, 
and  tested  from  October  1994  through  January  1995 
and  deployed  to  the  South  Pole  during  February  1995 
Figure  2  shows  a  30  minute  atmospheric  profile 
acquired  with  Ant  Lidar  I  at  the  South  Pole  on  July  17, 

1995.  The  data  has  been  range-corrected  and  a  2-bin 
smoothing  has  been  performed  yielding  a  vertical 
resolution  of  240  m.  Rayleigh  scattering  is  evident 
from  4-9  km  altitude  and  a  prominent  cloud  return 
occurs  from  10-15  km.  The  Ant  Lidar  I  instrument 
failed  at  this  point  and  no  further  data  was  taken. 


Redundant  150  mW  laser  diodes  are  used  and  can  be  operated  at 
either  half  power  or  full  power,  individually  or  together.  At 
full  power,  each  laser  emits  100  mW  avg  power  at  a  50%  duty 
cycle.  The  injected  current  to  the  laser  is  directly  modulated 
with  a  2047  bit  PN  code  at  a  bit  rate  of  1 .25  MHz  which  yields 
an  effective  range  resolution  of  120  meters  in  the  atmospheric 
returns. 

RESULTS 

Ant  Lidar  II  was  assembled  and  tested  in  early  January, 
1996.  Prior  to  deployment,  the  instrument  was  set-up  to  run 
over  night  acquiring  10  minute  data  sets  continuously.  Fig.  4 
and  Fig.  5  show  two  ten-minute  profiles  acquired  at  Goddard 
on  the  night  of  January  25,  1995.  Each  profile  has  been  range- 
corrected.  Fig  4  shows  a  strong  night  time  cirrus  layer 
occurring  at  9-10  km  altitude.  The  10  minute  profile  in  Fig  5 
occurs  almost  2  hours  later  and  shows  that  the  cirrus  layer  has 
almost  dispersed.  Rayleigh  scattering  up  to  ^  1 5  km  is  evident. 

The  Ant  Lidar  II  instrument  was  deployed  to  the  South 
Pole  in  early  February,  1996.  It  was  set-up  and  tested  in  the 
NOAA  Clean  Air  Facility.  The  sun  was  at  an  elevation  angle  of 
^15°  above  the  horizon  which  produced  a  high  background 
count  rate  on  the  APD.  To  limit  the  high  count  rate  to  less  than 
300  kcounts/sec  an  adjustable  aperture  was  used  which  reduced 
the  effective  telescope  area  to  only  a  few  square  cm.  Fig  6  shows 
a  20  minute  profile  acquired  on  Feb.  6,  1996.  A  cirrus  cloud 
layer  is  evident  at  ^4.2  km  altitude.  Once  the  sun  sets,  the 
telescope  aperture  will  be  removed  and  the  lidar  can  operate 
continuously. 


DESIGN 

The  Antarctic  Lidar  II  system  diagram  is  shown  in 
Fig.  3  with  the  system  characteristics  listed  in  Table  1. 
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Fig.  1  Stratospheric  backscatter  ratios  measured  with  the  University 
of  Illinois  -  Sodium  Lidar  during  peak  PSC  season  in  June  6c  July 
1990.  (R.  Collins) 
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Table  1.  Antarctic  Miniature  Lidar  system  parameters. 


Laser  Type 
Laser  divergence 
PN  code 
Telescope 
Bandpass  filter 
Detector 


AlGaAs  laser  diode,  SDL  5420-Gl 
6x  beam  expander,  1 00  urad 
2047  bits,  1 .25  MHz  bit  rate 
20  cm  diam,  F/6.3,  200  urad  FOV 
10  nm  centered  @830  nm 
Si  APD,  EG&G  SPCM-200-AQ 


[6]  Rail  &  Abshire,  Technical  Digest  -Vol  8,  Conference  on 
Lasers  and  Electro  Optics  ,  Paper  CWD5,  1994. 

[7]  McCormick,  et.  al.  T.  Atmos.  Sci.  39  1982. 

[8]  Solomon,  et.  al.,  Nature  321,  1986. 


CONCLUSION 

The  second  Antarctic  Miniature  Lidar  has  been  assembled, 
tested,  and  deployed  to  the  NOAA  Clean  Air  Facility  at  the 
Amundsen-Scott  South  Pole  Station.  Ant  Lidar  II  will  operate 
throughout  the  austral  winter  with  data  being  sent  regularly  to 
Goddard  via  the  internet  for  processing.  Antarctic  Miniature 
Lidar  III  is  currently  being  designed  for  deployment  in  an 
Antarctic  Geophysical  Observatory  (AGO)  in  early  1997. 
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Figure  2.  Ant  Lidar  I  atmospheric  measurements  -  July  17,  1995 


Fig.  3  Antarctic  Miniature  Lidar  II  -■  System  Diagram 
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Fig.  4  Prominent  cirrus  returns  at  9-1 0  km  altitude.  Fig.  5  Rayleigh  returns  to  1 5  km,  some  cirrus  at  1 1-12  km. 
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Fig.  6  One  20  minute  profile  taken  at  the  South  Pole  on  2/6/96  reveals  low  altitude  cirrus  cloud. 
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Abstract  -  Automated  Fourier  transform  infrared  (FT-IR)  and 
ultraviolet  (UV)  spectrometers  have  been  developed  that 
provide  real-time  detection  of  multiple  pollutants  in  the  lower 
troposphere.  In  "open  path"  ^plications,  the  FT-IR  and  UV 
beams  are  transmitted  through  the  pollution  in  the  open  air  to 
a  letrominor  located  up  to  500  meters  away.  A  path-averaged 
concentration  is  then  determined  from  the  total  absorbance 
measured  along  the  entire  pathlength.  Open  path  FT-IRs  have 
been  applied  to  urban  areas  and  hazardous  waste  sites,  but  the 
most  common  application  is  industrial  fence  line  monitoring 
of  fugitive  emissions  of  hazardous  air  pollutants.  Open  path 
ultraviolet  (OPUV)  spectrometers  have  also  been  developed 
for  monitoring  criteria  pollutants  such  as  nitrogen  dioxide 
(NO2),  sulfur  dioxide  (SO2),  and  ozone,  aromatic 
hydrocarbons,  and  carbonyl  compounds  in  urban  areas  and 
along  industrial  fence  lines.  A  description  of  each  system  will 
be  given  in  this  ptg)er  as  well  as  areas  of  further  development 

INTRODUCTION 

A  new  air  pollution  monitoring  technique  is  evolving  that 
utilizes  opticd  remote  sensing  instrumentation  for  regulatory 
purposes.  Open  path  FT-IR  and  OPUV  spectrometers  are 
being  used  to  measure  path-averaged  concentrations  of 
multiple  gases  simultaneously  over  pathlengths  of  between 
SO  to  1000  m.  Open  path  spectrometers  offer  several 
advantages  over  conventional  point  monitors:  (1)  they  report 
spatially-averaged  gas  concentrations  over  an  extended  path 
length;  (2)  they  are  capable  of  monitoring  multiple  gases 
simultaneously  and  in  real  time;  (3)  no  canister  sampling  is 
required  which  minimizes  sample  loss  to  the  walls  of  the 
container;  and  (4)  data  from  open-path  monitors  provide  a 
spatial  resolution  that  is  more  appropriate  for  model 
comparisons  than  that  of  point  monitors  [1].  A  discussion  of 
each  technology  is  given  in  the  remainder  of  this  p^r. 

FT-IR  SPECTROSCOPY 

The  open  path  FT-IR  is  ideally  suited  for  ambient  air 
monitoring  of  downwind  impacts  of  ground-level  sources 
such  as  hazardous  waste  sites  and  accidental  releases  of  toxic 
chemicals  from  industrial  facilities.  The  United  States  EPA  is 
near  completion  of  a  federal  refiaence  method.  Method  TO-16, 
specifically  designed  for  open  path  FT-IR  monitoring.  Years 
of  research  and  testing  using  commercially-available  FT-IRs 
went  in  to  the  development  of  Method  TO-16.  The  final 
completion  of  this  method  will  underscore  the  acceptance  of 
open  path  FT-IR  for  regulatory  use  in  air  quality  monitoring. 

Many  chemical  species  of  importance  to  air  pollution  and 
global  monitoring  studies  have  absorbance  spectra  in  two  IR 
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atmospheric  window  regions:  750  to  1200  cm'^  (13.3  to  8.3 
pm)  and  2100  to  3000  cm'^  (4.2  to  3.3  pm),  where  crn'l  is  a 
"wavenumber.”  For  example,  CO2  can  be  detected  between 
756  and  771  crn'l,  O3  between  1043  and  1064  crn'l,  CO 
between  2100  and  2177  cm'^,  N2O  between  2191  and  2224 
cm-l,  and  CH4  between  2840  and  2930  cm-1.  In  addition,  the 
FT-IR  can  detect  over  a  hundred  toxic  hydrocarbons  and 
biogenic  hydrocarbons  such  as  isoprene.  FT-IR  sp^trometCTS 
have  been  used  to  measure  gas  concentrations  in  both  the 
stratosphere  and  the  troposphere  [1,2,3].  In  the  stratosphere, 
infrared  spectrometers  are  designed  with  a  fine  resolution 
(0.01  cm"^)  because  atmospheric  pressure  is  low.  However,  a 
lower  resolution  of  0.5  to  2.0  cm'^  is  commonly  used  in  the 
troposphere  because  higher  atmospheric  pressures  broaden 
absorption  lines.  Infrared  spectroscopic  techniques  in  the 
troposphere  are  complicated  by  water  vapor  concentrations 
that  are  much  higher  than  those  in  the  stratosphere.  This 
strong  interference  of  water  vapor  is  overcome  by  detecting 
chemical  species  in  the  two  spectral  regions  mentioned  above. 

The  open  path  FT-IR  consists  of  a  transceiver,  which 
includes  both  the  transmitter  and  receiver,  and  a  retro-mirror. 
Within  the  transmitter  is  the  source  of  infrared  radiation  and  a 
Michelson  interferometer  which  is  used  to  create  the 
interferogram.  Because  the  interferometer  is  positioned  in  the 
transmitter,  the  receiver  can  readily  distinguish  the  transmitted 
modulated  beam  from  unmodulated  IR  energy  emitted  from 
the  surrounding  background.  The  transmitted  IR  beam  is 
directed  through  the  polluted  air  towards  a  46-61  cm  (18-24 
in)  retro-mirror  using  a  30-36  cm  (12-14  in)  diameter 
telescope  that  also  serves  as  the  receiving  telescope.  A 
mercury-cadmium-telluride  (MCT)  detector  is  used  to  convert 
IR  energy  between  750  and  40(X)  cm‘^  into  an  electronic 
signal.  Finally,  an  absorbance  spectrum  is  calculated  from  the 
measured  intCTfeiogram  using  a  fast  Fourier  transform. 

A  major  advance  in  the  use  of  FT-IR  spectroscopy  for 
gas  analysis  is  the  automation  of  quantitative  analysis  using 
multicomponent  Classical  Least  Squares  (CLS).  In  the  CLS 
the  amount  of  light  absorbed  is  determined  using  Be^’s  Law 
which  is  given  by 

I(v)IIo(v)  =  A(v)  =  a(v)CL, 

where 

/  =  measured  intensity  (sample  spectrum), 

Iq  =  transmitted  intensity  (background  spectrum), 

A(v)  =  absorbance, 

V  =  wavenumber  (cm”^), 

a(v)  =  absorption  coefficient. 


1541 


C  =  concentration  of  the  absorbing  gas,  this  case.  Of  course  the  ratio  of  the  pathlengths  us^  for  the 

L  =  pathl^gth  of  the  radiaticHi  through  the  gas.  measurement  and  the  reference  standard  must  be  considered. 


The  purpose  of  the  background  spectrum  is  to  remove 
unwanted  spectral  features  from  the  system  itself,  such  as  the 
spectral  features  of  the  source  beamsplitter,  detector,  and 
system  optics.  The  background  spectrum  is  collected  under 
experimental  conditions  as  close  as  possible  to  those  for  the 
sample  spectrum  but  with  the  sample  removed.  When  the 
above  ratio  is  calculated,  spectral  features  due  to  the 
measurement  system  are  removed  from  /fvj,  leaving  only 
spectral  features  due  to  the  pollutants  of  interest.  Note  that 
the  ^sorbance  is  proportional  to  the  concentration-pathlength 
product,  CL,  and  that  the  absorption  coefficient  contains  the 
unique  "fingerprint"  shapes  of  the  absorption  spectra  of  the 
different  spooks. 


Figure  1  Comparison  of  abs(si)ance  spectra  of  acetylene 
(top),  vehicle  exhaust  (middle),  and  background 
"clean"  air  (bottom). 

The  quantitative  analysis  routine  is  automated  and  can 
simultaneously  detect  up  to  25  compounds  from  a  spectral 
library  of  over  100  compounds.  A  concentration  is  determined 
from  a  least  squares  fit  of  the  calibrated  reference  spectra  with 
the  measured  spectrum  over  a  specified  wavenumber  region. 
As  an  example.  Figure  1  shows  a  library  reference  spectrum 
of  3.1  ppm  of  acetylene,  an  absorbance  spectrum  of  vehicle 
exhaust  measured  over  a  pathlaigth  of  180  meters  using  a  0.5 
cm'^  resolution  FT-IR,  and  a  "clean  air"  spectrum  taken  under 
the  same  experimental  conditions  just  before  the  vehicle  was 
started.  The  presence  of  acetylene  can  be  confirmed  by 
comparing  the  unique  absorbance  peaks  of  acetylene  in  the 
top  spectrum  to  the  absorbance  p^s  associated  with  the 
vehicle  exhaust  (middle  spectrum)  and  the  background  air 
(bottom  spectrum).  The  top  spectrum  is  then  scaled  to  fit  the 
peaks  in  the  middle  spectrum.  The  measured  concentration  is 
determined  by  multiplying  the  scaling  factor  by  the  reference 
concentration  of  the  reference  standard,  which  is  3.1  ppm  in 


Figure  2  High  RPM  emissions  from  the  1992  Chevrolet 
Truck  [3]. 

Using  the  FT-IR,  the  exhaust  emissions  of  a  1992  Chevy 
operating  at  approximately  3000  RPMs  were  measured  for 
five  samples  as  shown  in  Figure  2.  Note  that  the  sample  time 
interval  was  47  seconds.  The  FT-IR  detected  CO,  CO2, 
ethylene  (C2H4),  acetylene  (C2H2),  propylene  (C3H6),  the 
hydrocarbon  continuum  (HC),  methane  (CH4),  and  nitric 
oxide  (NO).  The  most  noticeable  feature  of  these  high  RPM 
emissions  is  the  strong  presence  of  NO,  which  remained  high 
for  all  5  scans  totaling  nearly  four  minutes.  It  is  well  known 
that  NOx  emissions  increase  sharply  with  engine  load  or 
speed  because  of  increased  combustion  temperatures  and  bettCT 
mixing  of  fuel  and  air  (due  to  more  turbulence  at  higher 
engine  speeds).  In  addition,  the  concentrations  of  C2H4, 
C2H2,  and  HC  decrease  rapidly  with  increased  engine  speed 
probably  because  of  the  higher  temperature  of  the  exhaust 
system.  The  concentrations  of  CO  and  CO2  decrease  and 
increase,  respectively,  with  sample  #  instead  of  remaining 
relatively  flat  as  observed  in  the  case  of  idle  emissions. 

OPUV  SPECTROSCOPY 

UV  spectroscopic  techniques  complement  IR  measuremaits 
very  well,  especially  in  cases  where  the  IR  absorbance 
features  of  a  particular  species  are  lacking  or  masked  by 
another  compound.  For  example,  oxides  of  nitrogen  are 
quickly  masked  by  strong  water  vapor  lines  in  the  IR  as  the 
monitoring  pathlength  increases  beyond  about  75  m.  Strong 
absorbance  features  appear  between  340  and  380  nm  for  NO2, 
between  220  and  230  nm  for  NO,  between  280  and  330  nm 
for  SO2,  and  between  240  and  300  nm  for  O3.  In  addition, 
the  OPUV  can  detect  aromatic  hydrocarbons,  such  as  benzene 
and  toluene,  and  carbonyls,  such  as  formaldehyde  and 
acetaldehyde. 

The  capability  of  the  OPUV  to  detect  SO2,  NO2,  and 
O3  is  well  researched.  The  OPUV  received  US  Environmental 
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Protection  Agency  (EPA)  approval  in  mid- 1995  for  SO2, 
NO2,  and  O3  and  is  now  an  equivalent  method  for  ambient  air 
monitoring  of  these  compounds.  Additional  research, 
however,  is  needed  in  order  for  the  OPUV  to  receive  EPA 
approval  for  detecting  carbonyl  compounds,  a  group  of  ozone 
precursors,  and  aromatic  hydrocarbons.  Further  technological 
developments  that  are  needed  to  enable  the  OPUV  to  detect 
these  compounds  include  automated  hardware  capabilities, 
advanced  quantitative  analysis  software,  and  quality 
assurance/qudity  control  procedures. 

Determination  of  ambient  concentrations  of  carbonyl 
compounds  is  a  requirement  of  40  CFR  Part  58,  Subpart  E, 
enhanced  ozone  network  monitoring  programs  [4]. 
Formaldehyde  and  acetaldehyde  (acetone  was  removed  from  the 
list)  are  the  specific  carbonyls  that  are  required  to  be 
monitored  at  this  point  in  time  [4],  Formaldehyde  and 
acetaldehyde  emissions  result  from  incomplete  combustion  of 
hydrocarbons  and  other  organic  materials.  Major  emission 
sources  appear  to  be  vehicle  exhaust,  waste  incineration,  and 
fuel  burning  (natural  gas,  fuel  oil,  and  coal).  In  addition, 
signifrcant  amounts  of  atmospheric  carbonyl  compounds  can 
result  from  photochemical  reactions  between  reactive 
hydrocarbons  and  NOx  [4].  In  turn,  carbonyl  compounds  can 
react  photochemically  to  form  other  products  besides  ozone, 
inducing  peroxides  and  peroxyacetyl  nitrate  (PAN).  States  are 
required  to  obtain  3-hour  and  24-hour  integrated  measurements 
of  carbonyl  compounds  at  specified  collection  frequencies 
ranging  from  one  24-hour  sample  every  sixth  day  to  eight  3- 
hour  samples  every  day  [4].  TTie  current  carbonyl  sampling 
method.  Method  TO-11,  is  very  costly  and  requires 
subsequent  laboratory  analysis.  An  automated  OPUV  would 
significantly  simplify  carbonyl  monitoring. 

A  scanning-slit  technique  has  been  applied  to  measuring 
molecular  species  in  the  UV  relating  to  atmospheric 
photochemistry  and  smog  formation.  An  alternative  to  the 
scanning  slit  approach  is  to  use  a  grating  or  prism 
spectrometer  with  a  photodiode  array  as  a  detector.  An 
imjwrtant  advantage  of  simultaneous  measurement  of  the 
desired  spectral  interval  (as  opposed  to  scanning)  is  the 
elimination  of  time  dependent  changes  due  to  atmospheric 
scintillation  effects  that  occur  during  the  scan. 

The  UV  source,  a  xenon  arc  lamp,  can  be  collimated  into  a 
10  cm  beam  using  an  f/10,  100  cm  focal  length  mirror  for 
monitoring  pathlengths  up  to  800  meters.  When  using  a 
retromirror,  the  return  beam  is  received  through  the  same  f/10 
optics  and  then  imaged  onto  a  photodiode  array  using  a 
spectrometer  with  a  resolution  of  ^proximately  0.5  nm.  The 
concentration  of  each  species  is  determined  using  a  least- 
squares  fit  similar  to  that  used  for  FT-IR  data.  Note  that  the 
fit  is  carried  out  over  a  large  portion  of  the  spectral  region, 
instead  of  at  a  single  pixel,  in  order  to  reduce  the  effect  of 
interfering  absorbance  features  due  to  other  gases. 

The  capability  of  the  OPUV  for  detecting  nitrogen 
dioxide  is  shown  in  Fig.  3  where  an  open  path  spectrum  of 
NO2  is  overlaid  on  a  reference  spectrum  of  NO2.  The  detected 
absorbance  peaks  represent  a  path-averaged  concentration  of 
2.5  parts-per-billion  (ppb)  of  NO2  measured  over  a  325  meter 
pathlength.  The  source  of  NO2  was  a  vehicle  being  driven 


along  the  length  of  the  monitoring  path.  This  absorbance 
spectrum  was  measured  in  the  presence  of  an  ambient  NO2 
concentration  of  26  ppb.  A  qualitative  analysis  of  the 
measured  UV  spectra  revealed  absorbance  peaks  for 
formaldehyde,  toluene,  and  m-xylene. 


COCOCOCOCOCOCOOO 

wavelength  (nm) 

Figure  3  Comparison  of  an  open  path  absorbance  spectrum 
of  NO2  (■“)  and  a  reference  standard  of  NO2  (— ). 

CONCLUSIONS 

Continued  development  of  open  path  FT-IR  and  OPUV 
spectrometers  will  provide  for  improved  monitoring 
techniques  and  will  allow  regulatory  agencies  and  industry  to 
obtain  more  comprehensive  and  representative  data  on  air 
pollution.  Open  path  analyzers  measure  pollutant 
concentrations  over  a  long  path  and,  thus,  are  expected  to 
provide  better  spatial  coverage  and  a  better  assessment  of 
exposure  to  air  pollution.  Such  instrumentation  will  improve 
upon  current  capabilities  in  risk  assessment  and  r^uce 
uncertainties  in  modeling  projections. 
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Abstract-M\\\m\titr  wave  video  rate  focal  plane  imagers 
using  passive  (radiometric)  and  active  (radar)  modes  of 
operation  are  described.  These  sensors  involve  compact 
("folded”)  optics  and  focal  plane  low-noise  receiver  arrays. 
Active  optics  which  utilize  load  switching  and  phase 
shifting  twist  reflectors  are  described. 

I.  INTRODUCTION 

This  paper  describes  millimeter  wave  video  rate  focal 
plane  array  (FPA)  imagers  developed  primarily  for  concealed 
weapons  detection  (CWD)  and  through-the-wall  surveillance 
(TWS)  applications.  Both  passive  (radiometric)  and  active 
imagers  will  be  described.  The  CWD/TWS  cameras  and  the 
technology  employed  in  these  cameras  are  ideally  suited  to  a 
wide  range  of  other  applications  as  well. 

Traditionally,  passive  millimeter  wave  images  have  been 
generated  using  scanned  sensors  of  various  types  ranging 
from  single  elements  to  line  arrays.  Scanning  imagers, 
however,  cannot  meet  the  frame  rate  and  sensitivity 
requirements  for  some  applications.  The  CWD  application, 
in  particular,  requires  a  passive,  video  rate  (30  frames  per 
second)  imager  which  we  are  developing  using  a  patented 
focal  plane  array  technology  we  call  Millivision™ . 
Similarly,  TWS  applications  demand  an  active  (radar),  video 
rate  imager  which  shares  much  of  the  same  Millivision™ 
FPA  technology. 

Customers  always  want  more  resolution,  more 
sensitivity,  and  a  wider  field  of  view  all  in  the  smallest 
possible  package.  To  meet  these  difficult  requirements,  the 
Millivision™  imagers  operate  near  94  GHz  and  employ 
active  optics  and  filled  focal  plane  arrays,  both  of  which  will 
be  briefly  described.  The  optimally  (electromagnetic)  filled 
FPA  is  small  angle  scanned  (dithered)  relative  to  the  scene 
in  a  4x4  matrix  to  achieve  a  2x2  oversampling  of  the 
image.  A  multiplicative  "super  resolution"  algorithm  is 
then  used  to  digitally  enhance  the  spatial  frequency 
resolution  of  the  resulting  image  by  a  factor  of 
approximately  2  in  each  axis. 

n.  ACTIVE  OPTICS 

The  Millivision™  camera  optics  are  "folded"  for 
compactness  and  to  provide  for  convenient  active  optic 
processing  and  rapid  refocusing.  The  primary  lens  has  an 
f/D  of  1.1.  Using  a  transreflector  and  twist  reflector 
combination,  the  distance  between  the  lens  and  the  focal 
0-7803-3068-4/96$5.00©1996  IEEE 


plane  is  reduced  by  approximately  a  factor  of  three  as 
shown  in  the  diagram  of  Fig.  1.  This  optics  geometry 
results  in  a  sensor  sensitive  to  one  single  linear 
polarization.  Since  we  will  be  implementing  only  a  single 
polarization  in  the  focal  plane  array,  this  is  not  limiting  for 
most  applications. 

The  twist  reflector  in  this  folded  optics  scheme  is  a 
convenient  location  for  the  implementation  of  active  optic 
wave  processing  elements.  The  twist  reflector  used  in  the 
Millivision™  cameras  consists  of  a  quarter-wave  element 
backed  by  a  plane  mirror.  Replacing  the  plane  aluminum 
mirror  in  the  twist  reflector  with  an  active  optics  plane 
mirror  allows  wave  processing  of  the  whole  scene  prior  to 
channelization  by  the  focal  plane  array. 

Two  types  of  active  optics  twist  reflectors  are  being 
developed  for  the  Millivision™  family  of  imagers:  a  load 
switching  twist  reflector  (LSTR)  and  a  phase  shifting  twist 
reflector  (PSTR).  These  will  be  briefly  described  below. 

III.  LOAD  SWITCHING  TWIST  REFLECTOR 

A  necessary  element  of  a  passive  (radiometric)  imager 
design  is  a  comparison  scheme  to  deal  with  the  gain 
fluctuations  of  the  receiver  electronics  which  can  mask  the 
detection  of  small  scene  contrast  changes.  Load  comparison 
is  a  convenient  technique  for  a  staring  radiometric  imager. 
In  the  load  comparison  mode,  the  imager  alternately 
compares  the  scene  with  a  reference  load  at  a  rate  high 
enough  to  overcome  the  low  frequency  peak  of  the  receiver 
gain  fluctuation  spectrum.  The  load  comparison  must  also 
be  done  in  such  a  manner  as  to  not  cause  visible  blanking  of 
the  resulting  image.  The  observation  by  all  channels  of  the 
same  comparison  load  also  facilitates  channel-to-channel 
gain  normalization  (flat-fielding). 

The  component  developed  to  implement  load  comparison 
in  the  Millivision™  passive  imagers  is  the  Load  Switching 
Twist  Reflector  or  LSTR  which  is  described  in  the 
Huguenin,  Bandla,  and  Moore,  1996  [1].  The  plane  mirror 
in  the  LSTR  consists  of  an  array  of  MMIC  tiles  that  can  be 
electronically  switched  between  reflection  and  transmission 
states  by  the  application  of  external  bias.  These  switchable 
tile  array  elements,  the  front  surface  of  which  make  up  the 
plane  reflector,  are  backed  by  a  matched  millimeter  wave 
load  and  thermally  stabilizing  support  structure.  In  the 
reflecting  (scene)  state,  the  insertion  loss  is  only  about  0.25 
dB.  In  the  load  comparison  state,  the  return  loss  is  better 
than  20  dB. 
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IV.  PHASE  SHIFTING  TWIST  REFLECTOR 

It  is  necessary  to  microscan  (dither)  the  image  relative  to 
the  optimally  (EM)  spaced  focal  plane  array  in  order  to 
adequately  sample  die  higher  spatial  frequency  components 
of  the  image  needed  to  realize  the  full  resolution  potential  of 
the  diffraction  limited  optics.  The  component  under 
development  to  electronically  perform  this  microscanning 
function  is  the  Phase  Shifting  Twist  Reflector  (PSTR). 
The  subframe  rate  of  the  Millivision™  camera  is  540  Hz, 
faster  than  one  can  conveniently  scan  electromechanically. 

The  PSTR  is  designed  to  allow  a  variable  phase  gradient 
to  be  imposed  on  the  circularly  polarized  incoming  (scene) 
wavefront  upon  reflection  from  the  plane  mirror  component 
of  the  compact  optics  twist  reflector.  The  PSTR  plane 
mirror  active  optic  is  an  array  of  tile  elements  that  have  a 
controllable  phase  shift  in  reflection.  The  amount  of  phase 
shift  is  determined  by  applying  an  appropriate  external  bias 
to  the  individual  tiles.  The  necessary  phase  gradients  can 
therefore  be  programmed  into  the  PSTR  array  to  scan  the 
beam  in  the  desired  directions  to  suitably  sample  the 
observed  image  in  the  focal  plane. 

A  maximum  phase  shift  of  70  degrees  across  the  PSTR 
plane  mirror  is  required  to  scan  the  image  up  to  one-half 
power  beamwidth.  An  example  of  the  measured  phase  shift 
ys  applied  bias  for  a  PSTR  array  MMIC  tile  is  shown  in 
Fig.  2.  The  insertion  loss  is  measured  to  be  typically 
between  1  and  2  dB.  The  PSTR  plane  mirror  substrate  and 
driver  board  for  the  M150  camera  with  four  reference  tiles 
mounted  to  it  are  shown  in  Fig.  3. 

V.  FOCAL  PLANE  ARRAY 

Optimally  filled  focal  plane  arrays  are  required  to  meet  the 
sensitivity  and  frame  rate  requirements  for  applications  such 
as  conceded  weapon  detection  and  aircraft  landing  systems. 
Optimally  filled  arrays  provide  the  most  dense  packing  of 
array  elements  (and  therefore  the  most  dense  image 
sampling)  that  still  has  a  high  electromagnetic  coupling 
efficiency  to  the  focal  plane  image.  Array  elements  in  this 
configuration  produce  beams  that  overlap  at  the  half  power 
(-3  dB)  points. 

The  channel-to-channel  pitch  in  the  focal  plane  array  is 
approximately  4.25  mm  for  the  f/D  =1.1  optics  employed 
in  the  M300A1150  Millivision™  cameras.  The  area  in  the 
focal  plane  available  to  implement  a  receiver  channel  is 
therefore  only  4.25  mm  x  4.25  mm.  The  Millivision™ 
focal  plane  arrays  employ  planar,  printed,  constant  width 
slot  antennas  (CWSA)  that  are  endfire  antennas  and  launch 
the  signal  on  a  transmission  line  parallel  to  the  optical  axis. 
The  volume  available  behind  the  focal  plane  is  therefore 
readily  accessible.  Each  receiver  channel  in  the 
Millivision™  passive  focal  plane  array  occupies  a  volume 
of  4.25  mm  x  4.25  mm  x  130  mm. 


Each  receiver  channel  of  the  Millivision™  passive  array 
has  a  superheterodyne  architecture  with  an  input  amplifier,  a 
mixer,  an  IF  amplifier  chain,  a  detector,  a  video  amplifier, 
and  a  sample-and-hold  circuit.  The  local  oscillator  ^O)  is 
at  one-half  (47  GHz)  of  the  receiver  center  frequency  (94 
GHz).  The  LO  and  scene  energy  are  both  optically  coupled 
into  the  CWSA.  The  input  amplifier  is  both  a  low-noise 
amplifier  at  94  GHz  and  an  LO  amplifier  at  47  GHz.  The 
MMIC  input  amplifier  is  followed  by  a  single-ended, 
subharmonic,  double  sideband  mixer.  The  IF  passband  is 
0.2  to  2.5  GHz  resulting  in  a  passband  of  5  GHz  centered  on 
94  GHz.  FPA  receiver  noise  temperatures  are  typically 
1000°K  including  all  input  losses  and  second  stage 
contributions.  A  similar  homodyne  receiver  architecture  is 
used  for  radar  FPA  receiver  channels.  The  IF  in  the  radar 
receiver  has  a  passband  from  0  to  4  MHz  and  is  multiplexed 
undetected. 

The  Millivision™  FPA  is  made  up  of  individual  modules 
each  containing  8  receiver  channels,  a  1  x  8  video  multi¬ 
plexer,  and  a  video  line  driver.  These  1x8  modules  are 
packaged  to  provide  the  needed  FPA  configuration.  The 
individual  modules  plug  into  a  mother  board  which  enables 
bias  to  be  distributed  and  contains  the  remaining 
multiplexing  and  addressing  circuitry.  The  16  x  16  channel 
FPA  for  the  M300  series  camens  is  shown  in  Fig.  4. 
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Abstract:  Aperture  synthesis  is  an  interferometric 

technology  which  could  open  the  way  for  new  applications 
of  passive  microwave  remote  sensing  from  space.  In 
aperture  synthesis  pairs  of  small  antennas  are  used  to 
achieve  the  resolution  of  a  single  larger  aperture  and  a 
wide  field-of-view  is  obtained  without  scanning.  The 
technique  has  been  demonstrated  from  an  aircraft 
(ESTAR)  and  the  technology  is  ready  for  implementation 
in  space.  To  fully  enable  this  technology  for  future  remote 
sensing  from  space  will  require  design  of  antenna  and 
deployment  structures,  the  transition  to  digital  signal 
processing,  the  interconnection  of  many  receiver  pairs,  and 
optimization  of  the  image  reconstruction  algorithm. 

INTRODUCTION 

Aperture  synthesis  is  an  interferometric  technique  in 
which  the  product  (complex  correlation)  of  the  voltage 
from  pairs  of  antennas  is  measured  at  different  antenna 
baselines.  In  principle,  each  baseline  yields  a  sample  point 
in  the  two-dimensional  Fourier  transform  of  the  scene  and 
an  image  is  obtained  by  inverting  the  transform.  The 
technique  was  first  demonstrated  for  remote  sensing  of  the 
earth  with  the  L-band  airborne  prototype,  ESTAR, 
developed  at  the  Goddard  Space  Flight  Center  and  the 
University  of  Massachusetts  [1,2].  Research  radiometers 
are  now  under  development  in  many  laboratories  around 
the  world.  These  include  a  two-dimensional  synthetic 
aperture  radiometer  (MIRAS)  being  developed  at  L-band 
by  ESA/ESTEC  in  Europe,  an  ESTAR-like  radiometer  at 
37  GHz  developed  by  Quadrant  Engineering  with  support 
from  the  Air  Force  Phillips  Laboratory  and  the  Naval 
Research  Laboratory,  and  research  radiometers  developed 
in  Denmark,  Germany  and  Japan  [1]. 

Aperture  synthesis  addresses  a  major  problem  facing 
passive  microwave  remote  sensing  from  space  —  the  size 
and  complexity  of  the  antenna  needed  to  achieve  desired 
spatial  resolution.  The  range  of  potential  applications  is 
illustrated  by  the  following  sensor  concepts  being  studied 
the  Goddard  Space  Flight  Center: 
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o  HYDROSTAR:  An  L-band  radiometer  based  on  the 
ESTAR  design  (synthesis  in  one  dimension).  This  sensor 
is  being  designed  to  monitor  soil  moisture  and  possibly  sea 
surface  salinity  from  space  [3,4].  It  consists  of  14  stick 
antennas,  and  will  have  horizontal  polarization  and  a 
resolution  at  nadir  of  about  10  km. 

o  ICESTAR:  This  sensor  also  employs  synthesis  in  one 
dimension  but  in  a  conical-scan  mode.  This  sensor  is 
designed  to  operate  at  18  and  37  GHz  to  monitor  sea  ice. 
It  will  have  dual  polarization,  a  resolution  at  nadir 
approaching  1  km,  and  provide  complete  coverage  (of  the 
poles)  each  day  [5]. 

o  WINDSTAR:  This  is  a  radiometer  to  monitor  surface 
winds  (magnitude  and  direction)  over  the  oceans.  Unlike 
the  previous  concepts,  it  employs  aperture  synthesis  in  two 
dimensions.  It  is  dual  polarized  and  also  measures  the 
cross  terms  (real  and  imaginary  parts  of  in  the 

Stokes  matrix  [6,7].  Synthesis  in  two  dimensions  permits 
the  sensor  to  have  a  wide  field-of-view  and  obtain  the 
equivalent  of  an  instantaneous  conical  scan  to  facilitate 
determining  wind  direction  [6]. 

o  TEMPSTAR:  A  radiometer  designed  to  profile 
temperature  of  the  atmosphere  from  geostationary  orbit. 
The  radiometer  employs  aperture  synthesis  in  two 
dimensions  (antennas  arranged  in  a  ring  around  a  central 
processor)  and  consists  of  10  channels  near  the  oxygen 
resonance  band  (50-60  GHz).  The  goal  is  50  km 
resolution  and  an  image  every  half-hour. 

PERFORMANCE  BOUNDS 

The  list  of  applications  is  already  demanding  of  both 
radiometric  sensitivity  (AT),  spatial  resolution  and 
coverage  (field-of-view).  But  these  are  not  completely 
independent  parameters.  For  example,  the  radiometric 
sensitivity  of  synthetic  aperture  array  can  be  written  [8,9]: 

T 

at  =  ^  G 

y/Bz 
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where  the  first  term  is  the  sensitivity  of  a  total  power 
radiometer  with  the  same  system  noise  temperature, 
the  same  bandwidth,  B,  and  the  same  integration  time,  r. 
The  additional  factor,  G,  is  the  penalty  paid  for  thinning 
the  array  (i.e.  reducing  signal-to-noise  ratio).  In  a 
configuration  optimized  to  use  the  fewest  number  of 
elements  for  a  given  maximum  baseline,  G  is  roughly  the 
ratio  of  the  area  of  the  equivalent  filled  array  to  the  area 
of  the  thinned  array. 

In  designing  the  system,  one  might  imagine  increasing  B 
and  T  to  compensate  for  a  G  >  1.  However,  r  is  limited 
by  satellite  motion  (the  maximum  integration  time  is 
approximately  the  resolution  pixel  -r  velocity).  Also,  the 
thinned  array  (aperture  synthesis)  technique  has  inherent 
limits  on  bandwidth.  Synthesis  arrays,  in  essence,  measure 
the  difference  in  path  from  a  point  on  the  scene  to  pairs 
of  antenna  elements  in  the  array,  and  the  larger  the 
bandwidth,  the  shorter  this  path  difference  (time)  can  be. 
Hence,  in  pushing  the  limits  of  performance  it  may  be 
necessary  to  make  a  trade  between  bandwidth  and  the 
field-of-view. 

Figure  4  illustrates  the  nature  of  this  trade  in  the  case 
of  a  sensor  like  ICESTAR.  It  is  assumed  that  the  sensor 
operates  at  18  GHz  in  an  orbit  at  400  km  and  in  a  conical 
scan  mode  with  an  incidence  angle  (cone  angle)  of  50 
degrees.  The  required  resolution  determines  the  size  of 
the  array  (maximum  baseline)  and  also  determines  the 
maximum  available  integration  time.  The  solid  curve  in 
Figure  4  is  the  best  radiometric  sensitivity  (AT)  one  can 
achieve  (using  the  largest  permissible  bandwidth)  when  the 
field-of-view  (FOV)  is  a  strip  30  degrees  on  each  side  of 
nadir.  For  example,  suppose  a  resolution  of  2  km  is 
desired  (determining  the  size  of  the  array).  Initially,  AT 
can  be  improved  by  increasing  bandwidth,  and  as  the 
bandwidth  is  increased  the  system  moves  down  the  dashed 
line  in  Figure  4  toward  the  solid  line.  The  solid  line 
represents  the  limiting  case  where  the  time  difference, 
measured  at  the  longest  baseline  and  associated  with 
signals  arriving  from  the  extreme  edges  of  the  FOV,  can 
no  longer  be  accommodated  by  the  receiver  system.  To 
increase  the  bandwidth  further  while  keeping  the  FOV 
fixed  requires  a  change  in  the  system.  One  alternative  is 
to  decrease  the  size  of  the  array.  Decreasing  size  (with 
fixed  FOV)  slides  the  system  performance  to  the  right 
along  the  solid  curve.  The  radiometric  sensitivity  improves 
because  both  bandwidth  and  integration  time  can  be 
increased,  but  at  the  cost  of  spatial  resolution.  The 
alternative  is  to  move  to  the  left  along  the  solid  curve 
(constant  FOV).  This  improves  resolution  (the  array  gets 
bigger)  but  at  the  cost  of  increasing  AT  because  both 
integration  time  and  bandwidth  must  decrease. 


Figure  4  illustrates  the  nature  of  design  trades  that  must 
be  kept  in  mind  in  considering  thinned  array  radiometers 
for  a  particular  measurement.  But  it  may  be  possible  to 
overcome  even  such  inherent  limitations.  For  example, 
suppose  the  bandwidth  limitation  set  by  the  solid  curve  in 
Figure  4  is  50  MHz  but  150  MHz  of  spectrum  is  allocated 
for  this  measurement.  One  could  divide  the  spectrum  into 
3  adjacent  bands  (e.g.  with  a  filter  bank  at  the  antenna) 
and  in  essence  run  three  radiometers  in  parallel. 

TECHNOLOGY  ISSUES 

Experience  with  the  aircraft  prototype,  ESTAR,  and 
studies  of  systems  such  as  the  HYDROSTAR  and 
ICESTAR,  have  identified  some  of  the  technological  issues 
that  it  will  be  necessary  to  address  in  the  design  of  future 
sensors  in  space.  These  include  antennas,  the  transition  to 
digital  processing,  the  interconnection  of  a  large  number 
of  receiver  pairs,  and  optimization  of  the  image 
reconstruction  algorithm. 

o  ANTENNAS:  In  principle,  resolution  depends  on 
how  well  the  Fourier  transform  space  is  sampled  (i.e.  the 
distribution  of  the  baselines).  However,  experience  with 
the  aircraft  ESTAR  suggests  that  the  limiting  issues  are 
not  so  much  the  distribution  of  antennas,  but  the  antennas 
themselves  which  can  cause  distortion  of  the  basis  vectors 
needed  to  effect  image  reconstruction  because  of  coupling 
and  other  effects  [10]. 

o  DIGITAL  SIGNAL  PROCESSING:  While  analogue 
multiplication  works  well,  digital  signal  processing  affords 
more  flexibility  and  ultimately  will  be  needed  when  the 
required  number  of  products  becomes  quite  large.  It  is 
not  hard  to  imagine  applications  which  push  existing  limits 
of  speed  and  power.  From  a  practical  point  of  view, 
experience  with  digital  processing  (calibration  and  effect 
on  AT)  is  needed. 

o  INTERCONNECT  COMPLEXITY:  A  typical 
synthetic  aperture  system  requires  two  receivers  (I  and  Q 
channels)  at  each  antenna.  Local  oscillator  and  calibration 
signals  are  needed  at  for  each  plus  lines  for  data.  This 
cabling  may  have  to  cover  large  distances  (e.g.  on  the 
order  of  10m  in  HYDROSTAR)  and  even  for  the 
relatively  modest  systems  envisioned  today,  the  number  of 
receivers  can  be  large.  This  problem  is  critical  for  systems 
such  as  TEMPSTAR  which  would  have  several  hundred 
receivers. 

o  IMAGE  RECONSTRUCTION:  Converting  from 
correlator  output  to  an  image  of  brightness  temperature 
introduces  "noise”  of  its  own.  The  basis  functions  (impulse 
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response  of  each  channel)  are  generally  not  ideal,  further 
complicating  the  problem.  Optimization  which  fits  the 
inversion  to  the  scene  and  instrument  errors  is  needed, 
especially  in  applications  such  as  the  measurement  of  sea 
surface  salinity  where  the  dynamic  range  of  brightness 
temperature  is  relatively  small  [3,4]. 
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Figure  4:  Performance  of  a  conical  scan  radiometer  with  frequency  =  18  GHz, 
altitude  =  400  km  and  incidence  angle  =  50  degrees.  The  FOV  is  constant  at 
±30  degrees  and  the  solid  curve  is  obtained  using  the  maximum  permissible  BW. 
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INTRODUCTION 

The  ER-2  Doppler  Radar  (EDOP)  is  an  X-band  (9.60 
GHz)  Doppler  radar  flown  on  the  high-altitude  (nom.  20  km) 
NASA  ER-2  aircraft.  A  major  objective  of  EDOP  is  the 
study  of  air  motions  within  convective  precipitating  regions 
from  the  strong  updraft  regions  to  the  cirrus  anvil  regions.  It 
is  common  for  EDOP  to  fly  with  a  complement  of  passive 
and  active  precipitation  and  water  vapor  instruments  on  the 
ER-2.  The  purpose  of  this  paper  is  to  describe  the  EDOP 
instrument  specifications  and  capabilities  and  to  very  briefly 
describe  recent  data  and  research  activity. 


hydrometer  fall  speed  from  reflectivity  relationships,  the  air 
motion  can  be  estimated  in  the  vertical  and  horizontal 
directions  in  the  plane  of  the  flight  track. 

In  addition  to  reflectivity  and  Doppler  capability  on  the 
two  look  angles,  the  forward  channel  provides  for  cross 
polarization  receiving.  Combining  the  forward  co¬ 
polarization  and  cross-polarization  provides  an  estimate  of 
the  linear  depolarization  ratio  (LDR)  which  is  useful  in 
discriminating  the  shape  and  phase  of  the  hydrometers  as 
well  as  in  identifying  the  melting  layer. 

INSTRUMENT  SPECIFICATIONS  AND  CAPABILITIES 


MEASUREMENT  TECHNIQUE 


The  EDOP  instrument,  with  its  two  antennas,  is  located  in 
the  nose  of  the  ER-2.  One  antenna  is  nadir-pointing  while 
the  other  antenna  points  33.5°  forward  of  nadir.  Fig.l 
depicts  the  EDOP  measurement  scheme  with  data  collection 
at  the  two  look  angles.  At  an  altitude  of  20  km,  above  the 
tallest  of  thunderstorms,  EDOP  is  provided  a  complete  view 
of  precipitation  under  the  flight  path.  EDOP  is  non¬ 
scanning  and  events  are  profiled  as  the  aircraft  cruises  at  200 
ms\  With  Doppler  capability  on  both  antennas  hydrometer 
motion  can  be  evaluated  in  two  radial  directions.  By  careful 
subtraction  of  aircraft  velocity  and  with  estimates  of  terminal 


EDOP  Measurement  Concept 


copolar  reflectivity 
Doppler  velocity  along  beam 
Doppler  epectral  width 


copotar  reflectivity 
Doppler  velocity  along  beam 
Doppler  spectral  width 
cross-pol.  reflectivity  (LDR) 


Fig.l  EDOP  measurements  are  made  from  two  fixed 
antennas  directed  along  the  ER-2  flight  path. 


The  specifications  of  the  EDOP  transmitter,  receiver, 
antennas,  and  data  processor  are  detailed  in  Table  1.  A 
comprehensive  description  of  the  instrument  and  its 
scientific  capabilities  can  be  found  in  Heymsfield[l].  The 
transmitter  tube  is  a  coherent  traveling  wave  tube  amplifier 
with  nominal  pulsed  output  power  of  25  kW  (74  dBm).  This 
power  is  split  between  the  two  output  ports.  Typical 
operation  is  with  a  pulse  width  of  0.5  \is  and  a  pulse 
repetition  frequency  (PRF)  of  4400  Hz  (duty  factor  0.22%). 
Pulse  width  and  PRF  are  selectable  and  are  set  by  the  data 
processor.  A  PRF  of  4400  Hz  corresponds  to  an 
unambiguous  range  of  34. 1  km  and  an  unambiguous  velocity 
of±34.4ms’\ 

Since  the  ER-2  nose  is  only  partially  pressurized  to  4.5 
psia,  precautions  must  be  observed  for  cooling  and  for 
prevention  of  electrical  breakdown.  A  cylinder  of 
pressurized  N2  maintains  16  psia  positive  pressure  within  the 
transmitter,  waveguides,  and  antenna  feeds.  In  addition,  the 
N2  in  these  locations  prevents  condensation  or  “cold 
soaking”  when  the  instrument  returns  to  the  ground  after 
subjection  to  the  cold  (nose  air  temperature  of  -20°C)  during 
flight. 

The  three  received  signals  (nadir  co-pol,  forward  co-pol., 
and  forward  cross-pol.)  are  heterodyned  within  the  receiver 
to  an  intermediate  frequency  (IF)  of  60  MHz.  Subsequently, 
the  signals  are  filtered,  either  2  MHz  or  8  MHz  based  upon 
the  pulse  width,  and  directed  to  both  linear  (coherent)  and 
logarithmic  detectors. 

The  two  antennas  are  an  offset  feed  parabolic  reflector 
type  with  diameter  0.76  m,  gain  36  dB,  and  beamwidth 
2.97°.  This  beamwidth  corresponds  to  a  footprint  of  1.2  km 
at  the  surface  for  the  nadir  pointing  antenna.  While  the 
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forward  antenna  is  fixed,  provision  is  made  for  stabilizing 
the  pointing  of  the  nadir  antenna.  The  nadir  antenna  is 
attached  to  a  rotatable  gimble  and  motion  is  controlled  with 
a  motorized  linear  actuator.  Nadir  stabilization  is  desired  to 
adjust  for  aircraft  pitch  variations,  which  can  vary  several 
degrees  during  flight  due  to  fuel  burnoff  as  well  as  random 
aircraft  attitude  variation.  When  fully  implemented  nadir 
antenna  stabilization  will  utilize  the  real-time  navigation 
data  stream  (ARTNC  429)  to  record  pitch  and  will  make  the 
necessary  adjustment  to  the  antenna  position. 

Both  antenna  feeds  include  a  mode-matching  unit  to 
cancel  the  inherent  ofif-boresight  cross-polar  coupling 
associated  with  offset  reflectors.  The  forward  feed  includes 
an  ortho-mode  transducer  to  enable  the  cross-polarization 
measurement  and  isolation  off  boresight  is  better  than  30  dB. 

The  data  system  provides  for  real-time  signal  processing 
as  well  as  for  radar  control.  A  pulse-pair  algorithm  is 


Table  1 EDOP  Instrument  Parameters 


Transmitter 

Frequency  (Wavelength) 

9.6  GHz  (3.1  cm) 

Peak  Power 

25  kW 

Pulse  Width 

0.25,  0.5,  1.0  ^s 

Pulse  Repetition 

(O.Sfxstyp.) 

2200, 4400  Hz 

Frequency  (PRF) 

(4400  Hz  typ.) 

Tube 

Litton  Traveling  Wave 

Receiver 

Intermediate  Freq.  (IF) 

Tube  Amplifier  (TWTA) 

60  MHz 

Dynamic  Range  with  Gain 

llOdB 

Control 

Minimum  Detectable 

-5  dBz 

Signal  at  10  km 

Linear  Doppler  Channels 

3 

Log.  Reflectivity  Channels 

2 

Antennas 

Type 

Offset  Fed  Parabolic 

Diameter 

Reflector  with 
“Matched  Feed” 

0.76  m 

Beamwidth 

2.9° 

Gain 

36  dB 

First  Sidelobe  Level 

<-26  dB 

Cross-Polarization  Level 

<-30  dB 

Nadir  Transmit/Receive 

V/V 

Polarization 

Fwd.  Transmit/Receive 

V/V,  V/H 

Polarization 

Data  Processing 

A/D  Converters 

7  channels  x  12  bits,  2  MHz 

Signal  Processors 

24  AT&T  DSP32C 

Gate  Spacing 

75  m,  150  m  (75  m  typ.) 

Gates 

436  Reflectivity, 

Integration  Cycle 

360  Doppler 

0.25-  1.0  s  (0.5  styp.) 

Nadir  Products 

Znw5  On?  SNRn 

Forward  Products 

Zfwj  Zfw,  Vf,  Cf,  SNRf 

Total  System  Weight 

180  kg 

Total  System  Power 

1500  W 

implemented  for  the  nadir  co-polarization  and  forward  co¬ 
polarization  coherent  channels.  The  autocovariances  are 
calculated  at  0,  T,  and  IT,  where  T  =  1/PRF,  and  are 
averaged  over  an  integration  period  and  then  stored  to  hard 
disk.  Calculation  of  mean  Doppler  velocity  and  mean 
spectral  width  is  done  on  the  ground  in  post-flight 
processing.  Reflectivity  processing  is  a  simple  average  of 
logarithmic  detector  output.  Typically,  a  0.5  s  integration 
period  (dwell)  is  employed.  At  a  pulse  repetition  frequency 
(PRF)  of  4400  Hz,  a  0.5  s  average  corresponds  to  2200 
pulses.  The  0.5  s  dwell  is  based  on  consideration  of 
independent  samples  and  aircraft  translation  (100  m). 

Signal  processing  within  the  data  system  is  based  on  the 
AT&T  DSP32C  digital  signal  processor  (DSP)  on  Martin- 
Marietta  LUA  200  boards.  The  system  contains  three  LUA 
200  boards,  each  with  8  DSPs,  in  a  VME  9U  backplane. 
Sixteen  of  the  DSPs  are  designated  for  pulse-pair  processing 
while  four  DSPs  perform  the  reflectivity  summing.  The 
remaining  four  DSPs  are  reserved  for  automatic  gain  control 
within  the  receiver  and  are  not  implemented  at  present. 

The  pulse-pair  algorithm  is  calculated  on  the  first  360 
range  gates  following  the  transmitted  pulse  while  reflectivity 
averaging  is  calculated  on  the  first  436  range  gates.  This 
provides  viewing  to  32.7  km  for  reflectivity  and  up  to  27.0 
km  for  Doppler.  Often  this  permits  viewing  the  mirror 
image  of  the  melting  layer  with  the  nadir  channels  and 
guarantees  viewing  the  surface  for  the  forward  channels 
(forward  surface  at  approximately  24  km).  The  number  of 
range  gates  is  based  upon  the  upper  capabilities  of  the  signal 
processor. 

DATA  ANALYSIS 

EDOP  has  participated  in  three  field  campaigns  since 
1993;  (1)  Convection  and  Atmospheric  Moisture 

Experiment  1  (CAMEX  1),  Wallops  Island,  VA,  Sept.  -  Oct. 
1993,  (2)  Houston  Precipitation  Experiment  (HOPEX), 
Houston,  TX,  Jan.  1995,  and  (3)  CAMEX  2,  Wallops  Island, 
VA,  Aug.  -  Sept.  1995.  The  HOPEX  and  CAMEX  2 
campaigns  provided  numerous  examples  of  reflectivity  and 
Doppler  data  over  both  convective  cells  and  stratiform 
precipitation.  The  CAMEX  2  data  was  collected  in 
conjunction  with  two  scanning  precipitation  radiometers. 
The  following  is  a  very  brief  discussion  of  two  research 
activities  involving  EDOP  data  sets. 

A  preliminary  analysis  of  vertical  velocities  and  relative 
wind  vectors  in  a  convective  region  is  shown  in  Fig.  3.  This 
data  is  from  a  rapidly  advancing  squall  line  over  the  Gulf 
Coast  which  was  overflown  on  January  13,  1995.  A  fuller 
description  of  this  squall  line  and  the  methods  for  deriving 
the  along-track  velocity  u  and  vertical  velocity  w  can  be 
found  in  Heymsfield[3].  In  this  event  the  vertical  velocity 
(bottom  panel)  indicates  a  strong  westward  tilted  updraft 
with  a  maximum  core  of —15  ms''  at  an  altitude  of  4-5  km  as 
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well  as  several  regions  of  strong  downdrafts.  Weaker 
vertical  velocities  exist  to  the  rear  of  the  convective  line  in 
the  trailing  stratiform  region. 


260  280  300  320 


260  280  300  320 


DISTANCE  (km) 

Fig.3  Top:  Vertical  profile  of  nadir  reflectivity  and 
relative  wind  vectors.  Bottom:  Vertical  profile  of  vertical 
air  velocity  w  calculated  from  nadir  Doppler  velocity. 

A  second  research  activity  involves  correction  for 
attenuation  effects  at  X-band  frequencies.  At  X-band 
attenuation  can  become  significant  in  heavy  rainfall  events 
and  reflectivity  and  rainrate  estimates  will  be  under 
estimated  if  attenuation  is  not  considered.  Caylor[4] 
examined  a  means[5][6]  of  correcting  for  attenuation 
through  use  of  the  ocean  surface  reflectivity  return  and  from 
the  weaker  mirror  image.  In  the  surface-reference  technique 
the  ocean  surface  return  is  examined  under  convective  cells 
and  compared  to  its  value  outside  of  the  storm.  The 
assumption  is  made  that  the  radar  cross-section  of  the  ocean 
surface  is  nearly  identical  in  the  clear  air  and  convection 
situations.  Results  indicate  that  the  surface-reference 
technique  works  very  well,  particularly  in  areas  of  significant 
path  attenuation.  Future  efforts  include  the  use  of 
tomography  with  the  EDOP  forward  and  nadir  fields  which 
would  permit  corrected  reflectivity  and  rainrate  retrieval 
without  a  requirement  that  the  observations  be  over  ocean. 


FUTURE  INSTRUMENT  DEVELOPMENT 

Although  the  present  data  system  has  proven  its  ability  to 
collect  real-time  reflectivity  and  Doppler  autocovariance 
products,  an  upgrade  will  be  initiated  in  the  near  future  for 
improved  reliability  and  performance.  The  new  data  system 
will  accommodate  increased  total  range  gates  at  a  decreased 
range  gate  interval  (37.5  m).  It  may  employ  either  a 
“conventional”  system  with  an  analog  receiver,  as  is 
presently  implemented,  or  a  digital  IF  receiver.  A  digital 
receiver  would  permit  replacement  of  analog  hardware 
within  the  receiver  with  its  digital  counterparts  within  the 
data  system.  In  a  digital  receiver,  the  IF  at  60  MHz  is 
downconverted  to  4  MHz  and  then  sampled  at  20  MHz. 
Some  advantages  over  analog  receivers  include  immunity  to 
DC  drift  of  the  analog  I  and  Q,  reduction  of  low  frequency 
noise,  and  better  ideal  filter  approximation.  An  excellent 
description  of  the  digital  IF  technique  is  found  in  Randall  [2]. 

CONCLUSION 

With  its  two  antennas,  coherent  operation,  and  high- 
altitude  platform,  EDOP  is  proving  to  be  a  unique  tool  for 
studying  convective  precipitation.  Future  EDOP  deployments 
are  anticipated  in  support  of  the  Tropical  Rain  Measuring 
Mission  (TRMM)  and  other  cloud  and  precipitation 
measurement  objectives  over  the  next  several  years. 
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Abstract  -  Since  1990  the  University  of  Massachusetts 
Microwave  Remote  Sensing  Laboratory  has  been  actively 
developing  innovative  millimeter- wavelength  radars  in¬ 
tended  specifically  for  atmospheric  remote  sensing.  These 
instruments  take  advantage  of  several  major  technologi¬ 
cal  developments  that  have  only  recently  become  com¬ 
mercially  available:  1)  Compact,  high-power  Extended 
Interaction  Klystron  Amplifiers  (El As)  suitable  for  oper¬ 
ation  in  the  35  and  95  GHz  atmospheric  transmission  win¬ 
dows;  2)  Solid-state,  low-loss  switches,  allowing  pulse-to- 
pulse  polarization  agility;  3)  commercial  data  acquisition 
and  signal  processing  hardware  designed  for  the  industry 
standard  VXI-bus. 

OVERVIEW  OF  MILLIMETER-WAVE  CLOUD  RADARS 

Since  the  early  1950s,  millimeter-wave  radars  have  been 
used  for  scientific  studies  of  nonprecipitating  clouds  [1]. 
These  instruments  were  more  sensitive  to  small  cloud 
particles  than  conventional  microwave  radars  and  pro¬ 
vided  new  insights  into  the  rich  small-scale  structure 
of  clouds  and  precipitation.  However,  there  were  sev¬ 
eral  drawbacks  to  these  early  millimeter-wave  radar  sys¬ 
tems  that  prevented  their  widespread  use.  These  prob¬ 
lems  included:  lack  of  solid-state,  low-noise  millimeter- 
wave  components,  such  as  sources,  mixers  and  ampli¬ 
fiers,  which  resulted  in  noisy  and  unreliable  receivers;  2) 
scarcity  of  other  millimeter-wave  componentry,  such  as 
antennas,  switches,  and  circulators;  3)  the  lack  of  devices 
and  techniques  for  achieving  phase  coherence,  which  lim¬ 
ited  cloud  radars  to  backscattered  power  measurements; 
and  4)  limited  understanding  of  propagation  and  scat¬ 
tering  at  millimeter-wavelengths.  These  limitations  per¬ 
sisted  through  the  1970s,  and  prevented  millimeter-wave 
cloud  radars  from  filling  operational  needs  such  as  pro¬ 
viding  information  on  cloud  top  and  base  height,  melting 
layer  height,  and  number  of  cloud  layers. 

Modern  millimeter-wave  cloud  radars  resemble  their 
predecessors  in  many  respects,  but  their  performance 
and  reliability  are  considerably  enhanced  by  advances  in 
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Fig.  1.  Photograph  of  the  UMass  Cloud  Profiling  Radar  System 
(CPRS). 

millimeter- wave  and  digital  technology  during  the  past 
two  decades.  Solid-state  low  phase  noise  sources,  low- 
noise  mixers,  and  amplifiers  are  now  widely  available  from 
commercial  sources,  as  well  as  power  tubes,  including 
magnetron  oscillators,  commonly  used  for  35  GHz  cloud 
radars,  and  EIAs  providing  more  than  50  dB  gain  and  1- 
2  kW  peak  power  output  at  95  GHz.  The  availability  of 
low-loss  switches  and  latching  circulators  has  made  pulse- 
to-pulse  polarization  agility  practical,  which  now  permits 
the  study  of  cloud  particle  shape,  orientation  and  angular 
distribution  through  polarimetric  techniques. 

CLOUD  RADAR  DEVELOPMENT  AT  THE  UNIVERSITY  OF 

Massachusetts 

The  University  of  Massachusetts  has  recently  built 
two  millimeter- wave  radar  systems,  a  95  GHz  radar  for 
airborne  and  highly  portable  ground-based  applications 

[2] ,  and  the  truck-mounted  cloud  profiling  radar  system 
(CPRS)  that  operates  simultaneously  at  33  and  95  GHz 

[3] ,  shown  in  Figure  1.  These  instruments  are  fully  po¬ 
larimetric;  that  is,  they  are  able  to  measure  the  complex 
scattering  matrix  of  the  scene  by  transmitting  a  pair  a 
orthogonally  polarized  pulses  in  rapid  succession.  Covari¬ 
ances  of  the  individual  terms  of  the  scattering  matrix  are 
then  used  to  compute  meteorological  radar  parameters 
that  give  insight  into  cloud-particle  orientation,  shape, 
degree  of  randomness  and  anisotropy.  In  1992  and  1994 
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the  95  GHz  polarimeter  was  flown  in  the  University  of 
Wyoming’s  twin-engine  King  Air  research  aircraft.  These 
missions  demonstrated  that  a  compact  millimeter-wave 
radar  can  provide  flne-scale  reflectivity,  polarimetric  and 
Doppler  imagery  of  a  variety  of  cloud  types.  Since  1993, 
UMass  has  carried  out  measurements  of  cloud  distribu¬ 
tion  and  velocity  using  the  cloud  proflling  radar  system  in 
support  of  the  Department  of  Energy’s  Atmospheric  Ra¬ 
diation  Measurement  (ARM)  program.  These  measure¬ 
ments  were  carried  out  in  conjunction  with  other  remote 
sensing  instruments  at  ARM’s  cloud  and  radiation  test 
site  in  Northern  Oklahoma. 

One  of  the  most  important  technological  advance  af¬ 
fecting  the  utility  of  all  cloud  radars  has  been  the  develop¬ 
ment  of  programmable  digital  signal  processors  (DSPs). 
Processor  boards  are  now  commercially  available  for  a 
variety  of  standard  buses,  including  ISA,  VME,  VXI, 
Multi-bus,  and  others.  These  boards  have  as  many  as 
flve  independent  floating-point  processors,  each  of  which 
can  be  conflgured  to  execute  one  or  more  real-time  al¬ 
gorithms.  Because  cloud  radars  can  easily  generate  data 
rates  of  more  than  1  MByte -s"^  it  is  usually  desirable  to 
use  real-time  processing  to  reduce  data  rates  to  a  man¬ 
ageable  level.  Complete  data  acquisition  systems,  includ¬ 
ing  analog-to-digital  converters,  processor  boards,  radar 
timing  generators,  and  host  computer,  are  now  available 
for  the  VXI-bus.  VXI’s  hierarchical  architecture  greatly 
simplifles  system  conflguration,  programming  and  debug¬ 
ging.  All  of  these  developments  have  resulted  in  a  sub¬ 
stantial  reduction  in  the  engineering  effort  necessary  to 
develop  a  custom  data  acquisition  and  processing  system. 

During  November  and  December  of  1995,  CPRS  par¬ 
ticipated  in  MCTEX  (Maritime  Continent  Thunderstorm 
Experiment)  held  along  the  coast  of  Northern  Austrailia 
in  an  effort  to  study  the  complex  evolution  of  maritime 
thunderstorms.  The  evolution  of  a  typical  thunderstorm 
is  seen  in  Figures  2-  4  where  RHI-scans  are  shown  for  a 
period  of  34  minutes.  Due  to  the  high  humidity  and  high 
cloud  liquid  water  content,  the  95  GHz  radar  was  only 
effective  when  pointed  vertically.  However,  the  33  GHz 
system  was  often  effective  to  ranges  beyond  25  kilometers. 

Tornado  observations  at  95  GHz 

The  small  size  and  light  weight  of  millimeter-wave  sys¬ 
tems,  which  is  crucial  for  airborne  operations,  also  has  ad¬ 
vantages  for  land-mobile  experiments.  Researchers  from 
UMass  recently  installed  the  95  GHz  airborne  polarime¬ 
ter  in  University  of  Oklahoma’s  tornado  chase  van  as  seen 
in  Figure  5.  Days  when  tornadoes  were  anticipated,  the 
van  was  driven  as  much  as  700  miles  to  try  to  get  close 
enough  to  study  tornadic  activity  with  the  radar.  Once 
the  van  sped  to  within  1  to  3  km  of  an  event,  less  than 
flve  minutes  were  usually  available — to  start  the  radar, 
take  data,  and  then  get  out  of  the  way  of  the  oncom- 
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Fig.  2.  RHI-scan  of  reflectivity  for  vv  polarization:  early  stage  of 
thunderstorm  taken  at  2:38  pm  at  33  GHz. 
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Fig,  3.  RHI-scan  of  middle  stage  of  thunderstorm  taken  at  2:58 
pm  at  33  GHz. 
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Fig.  4.  RHI-scan  of  late  stage  of  thunderstorm  taken  at  3:12  pm 
at  33  GHz. 
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ing  storm.  Typical  reflectivity  data  from  a  pre-tornadic 
storm  is  shown  in  Figure  6,  showing  a  pair  of  counter¬ 
rotating  hook  echoes  at  2  and  2.8  km  downrange. 

FUTURE  APPLICATIONS 

In  1995,  we  began  work  on  a  compact,  solid-state  95 
GHz  cloud  radar  intended  for  use  on  an  unmanned  aerial 
vehicle  (UAV).  This  system  incorporates  a  40  W  peak- 
power  IMPATT  amplifier,  a  compact  lens  antenna  utiliz¬ 
ing  folded  optics,  and  a  95  GHz  HEMT  LNA  to  achieve 
sensitivity  of  approximately  -20  dBZ  noise-equivalent  re¬ 
flectivity  at  1  km  range.  When  completed,  the  entire 
system  will  weigh  less  than  30  kg  and  will  consume  ap¬ 
proximately  150  W  prime  power. 

The  low  power  consumption  and  high  sensitivity  of 
millimeter-wave  radars  make  them  well-suited  for  satel¬ 
lite  applications.  A  recent  workshop,  held  under  the  aus¬ 
pices  of  the  Global  Energy  and  Water  Cycle  Experiment 
(GEWEX),[2],  assessed  the  potential  for  a  spaceborne 
millimeter-wave  radar  to  measure  cloud  vertical  structure 
over  large  regions  of  the  atmosphere.  The  distribution  of 
ice  and  liquid  water  in  clouds  is  a  critical  parameter  in 
understanding  the  earth’s  radiation  budget  but  no  ex¬ 
isting  spaceborne  instruments  are  currently  available  to 
measure  the  vertical  structure  of  clouds. 

A  nadir-looking  95  GHz  pulsed  radar  with  a  2  m  di¬ 
ameter  antenna  and  500  m  range  resolution  could  detect 
clouds  of  approximately  -30  dBZ  reflectivity  from  an  al¬ 
titude  of  200  km.  Such  a  system  would  not  be  able  to 
detect  weakly  scattering  liquid  water  clouds  such  as  cu¬ 
mulus,  stratocumulus  and  altocumulus  but  would  be  ca¬ 
pable  of  detecting  a  substantial  percentage  of  ice  clouds 
and  liquid  clouds  having  larger  drop  sizes.  Potential  op¬ 
portunities  for  a  spaceborne  millimeter-wave  cloud  radar 
include  a  Japanese  J-1  rocket  mission  as  early  as  1997, 
the  Japanese  Experiment  Module  on  the  Space  Station 
around  the  year  2000,  or  a  future  NASA  Delta-class  mis¬ 
sion  [3]. 
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Fig.  5.  Photograph  of  95  GHz  polarimetric  radar  configured  for 
tornado  chasing  from  the  University  of  Oklahoma  tornado  chase 
van. 
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Fig.  6.  Horizontal  scan  of  radar  equivalent  reflectivity  factor  of  a 
storm  feature  containing  a  cyclonic  and  anticyclonic  hook.  The 
image  was  recorded  on  May  17,  1995  in  northeast  Oklahoma. 
The  radar  elevation  angle  was  approximately  5o, 
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Wavelength  Doppler  Radar”,  Bulletin  American 
Met  Soc.,  76(11),  Nov.  1995,  2155-2169. 

5.  Report  of  the  GEWEX  Workshop  on  the  Utility  and 
Feasibility  of  a  Cloud  Profiling  Radar  (Pasadena, 
CA,  June  1993). 

6.  Summary  of  the  Second  GEWEX  Workshop  on 
Cloud  Profiling  Radar  (Boulder,  CO,  Feb.  1994). 
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Abstract  —  The  technique  of  Weighted  Least  Squares 
(WLS)  is  used  to  obtain  the  optimal  decomposition  of  radar 
polarization  signatures,  in  which,  backscatter  is  assumed  to 
consist  of  odd,  double,  Bragg  and  cross  scattering  mecha¬ 
nisms.  The  results  of  the  decomposition  agree  with  our 
understanding  of  radar  backscatter,  providing  information 
for  polarimetric  image  classification. 

INTRODUCTION 

Polarimetric  SAR  (Synthetic  Aperture  Radar)  data,  such 
as  that  acquired  and  processed  by  NASA/JPL  AirSAR  sys¬ 
tem,  give  more  information  about  ground  targets  than  sin¬ 
gle  channel  SAR  data.  Excellent  work  has  been  done  on 
modeling  and  classification  of  polarimetric  radar  backscat¬ 
ter  for  both  built  and  natural  targets  in  recent  years  [1-5]. 

The  observed  radar  polarization  signatures  are  not  very 
similar  to  the  constructed  polarization  signatures  developed 
using  simple  scattering  mechanisms.  It  reveals  that  the  ob¬ 
served  radar  response  is  a  combination  of  responses  from 
various  mechanisms.  Since  dilferent  scattering  mechanisms 
give  different  polarization  signatures,  each  of  them  could 
be  separately  extracted  from  the  measured  Mueller  matrix. 
Statistically,  radar  measurements  for  N  independent  scat¬ 
tering  mechanisms  can  be  considered  incoherently,  as  the 
positions  of  scatterers  are  randomly  distributed. 

In  this  paper,  the  backscattering  response  is  assumed  to 
be  contributed  by  four  basic  scattering  mechanisms.  The 
simulated  Mueller  matrix  is  a  combination  of  the  Mueller 
matrices  of  these  four  scattering  mechanisms.  A  method 
of  optimal  decomposition  of  radar  polarization  signature  is 
then  developed.  The  technique  of  WLS  is  used  to  find  the 
optimal  combination  of  these  four  components.  The  de¬ 
composition,  in  turn,  provides  information  for  polarimetric 
image  classification. 


Mueller  matrix  F  for  N  mechanisms  is  simply  the  sum  of 
the  N  individual  Mueller  matrices  Fj, 


N 


F  =  J]Fi 


(1) 


i  =  l 


F  can  be  constructed,  therefore,  if  all  F,-  are  known.  Here 
only  four  basic  scattering  mechanisms  are  considered. 

1.  Double  Bounce  Scattering.  This  mechanism  typi¬ 
cally  models  the  scattering  from  the  trunk-ground  structure 
in  forested  areas  and  the  wall-ground  structure  in  urban  ar¬ 
eas.  The  scattering  matrix  S  can  be  written  as: 


Si- 


Shh 

Svh 

■  1 

0 

Shv 

Syy 

0 

1  fy/ae^^ 

5i 


(2) 


where  Si  =  Shh,  oc  \{R±iR±2)/{R\\iR\\2)\^  and  S  ^ 
{~(i7xi^±2)/(7^||i/J||2)},  Arg{-}  denotes  the  argu¬ 
ment  of  a  complex,  Rj_i  and  Rx2  and  Rp)  are  the 

horizontally  (vertically)  polarized  Fresnel  reflection  coeffi¬ 
cients  for  the  first  and  second  bounces,  which  are  functions 
of  incidence  angle  and  dielectric  constant,  a  and  6  are  re¬ 
ferred  to  as  PI  (polarization  index,  defined  as  the  ratio  of 
HH  to  VV  polarization  responses)  and  PD  (polarization 
phase  difference  between  HH  and  VV  backscattered  fields) 
values.  In  the  case  of  perfectly  conducting  materials,  a  =  1 
and  S  =  180®  regardless  of  incidence  angle.  Usually,  a  is 
about  4^6  and  S  about  140  ~  160®  for  the  trunk-ground 
structure  [7]. 

2.  Bragg  Scattering.  Small  perturbation  techniques 
have  been  successfully  used  to  obtain  the  polarization  de¬ 
pendence  from  slightly  rough  surfaces  such  as  bare  soil  and 
sea  surfaces  [8].  The  scattering  matrix  of  the  first-order 
Bragg  model  is, 


S2  = 


1  0 
0  I/Vfi 


S2 


(3) 


BASIC  SCATTERING  MECHANISMS 

Since  positions  of  scatterers  are  randomly  distributed, 
radar  measurements  for  N  independent  scattering  mech¬ 
anisms  can  be  added  incoherently  [6].  That  is,  the  total 

*This  work  was  supported  by  the  Australian  Research  Council. 


where  the  mean  PI  value,  /3  —  \(yhh/<^vvf ,  is  generally  less 
than  1,  ahh  =  (e  —  l)/{cos6  +  -x/e  —  sin^O)  ,  and  ayy  — 

(e  —  l)[€{sin^0  -h  1)  —  sin^O]/ (ecosO  -h  —  sin^O)  .  0  and 
€  are  the  incidence  angle  and  the  dielectric  constant  of  the 
surface,  respectively.  The  mean  PD  value  is  considered  as 
zero  (the  Bragg  scattering  undergoes  a  single  bounce). 
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3.  Odd  Bounce  Scattering.  This  mechanism  typi¬ 
cally  models  the  direct  specular  reflections  from  facets  of 
the  ground  and/or  building  roofs  perpendicular  to  the  in¬ 
cident  direction,  and  big  branches  whose  axes  are  perpen¬ 
dicular  to  the  incident  direction  and  so  on.  Since  the  local 
incidence  angle  for  such  targets  is  zero  degrees,  this  gives, 


S3 


1  0 
0  1 


^3 


(4) 


because  the  PI  value  is  1  and  the  PD  value  zero  degrees, 
for  this  mechanism.  The  co-polarized  response  from  forest 
crown  volume  backscattering  can  be  included  in  this  mecha¬ 
nism.  If  the  orientations  of  leaves,  twigs  and  small  branches 
are  assumed  to  be  uniformly  distributed,  the  backscatter¬ 
ing  response  will  be  independent  of  polarization,  giving 
the  same  HH  and  VV  response.  The  backscattering  from 
the  trihedral-corner-reflector-like,  wall- wall-ground  struc¬ 
ture  can  also  be  classified  into  this  mechanism,  since  the 
scattering  undergoes  odd  bounces. 

4.  Cross  Scattering.  This  is  a  theoretical  model 
to  take  account  of  the  cross-polarized  response  from  ran¬ 
domly  distributed  targets,  if  we  are  only  interested  in 
the  total  cross-polarized  response.  The  reciprocity  implies 
Svh  —  Shv  in  the  backscattering  direction.  In  the  case  of 
random  mediums,  if  distributed  targets  are  assumed  to  be 
azimuthal  symmetry,  we  have  {ShhS*f^)  =  {SvvS*f^)  =  0  [9]. 
Therefore,  only  the  item  of  is  important.  The  scatter¬ 
ing  matrix  for  such  a  theoretical  cross  scattering  mechanism 
is, 


(i  —  l,-*’,4)  are  the  four  unknowns  to  be  determined. 
The  optimal  solution  of  (6)-(12)  can  be  found  using  the 
WLS  method.  Since  the  optimal  solution  is  found  with 
respect  to  the  combined  Mueller  matrix,  but  not  just  to 
one  or  more  specific  polarizations,  the  difference  between 
the  simulated  and  measured  polarization  signatures  should 
be  the  minimum  under  the  model  assumptions.  After  the 
unknowns  are  obtained,  the  simulated  Muller  matrix 

F  =  Fi  +  F2  +  F3  +  F4  (13) 

can  be  reconstructed,  and  the  co-  and  cross-polarization 
responses  predicted  by  the  model  are,  cr^f^  =  A7r{Si  -I-  5^  4- 
Sh,  <^1  =  ^ASf/a  +  Si/ 13  +  Si)  and  =  47r5|. 

DECOMPOSITION  AND  CLASSIFICATION 

To  test  the  model,  the  NASA/JPL  AirSAR  P-,  L-  and  C- 
band  data  are  used.  Areas  covered  by  natural  targets,  such 
as  ocean,  unploughed  farm  grassland,  native  eucalypts, 
pine  plantations,  and  by  built  targets,  such  as  commercial 
and  residential  buildings  or  a  mixture,  are  chosen  for  the 
simulation.  Table  1  lists  the  scattering  components  decom¬ 
posed  for  commercial,  residential,  eucalypts  and  grassland 
areas  at  P-,  L-  and  C-bands,  respectively. 


Table  1:  Scattering  components  as  a  percentage  of  the  to¬ 
tal  backscattering  for  (a)  commercial,  (b)  residential,  (c) 
eucalypts  and  (d)  grassland  areas  (Odd  -f-  double  -h  Bragg 
=  100%). 


84  = 


0  1 
1  0 


54 


ALGORITHM 


(5) 


The  total  Mueller  matrix  is  the  sum  of  the  Mueller  ma¬ 
trices  for  the  above  individual  mechanisms,  giving, 
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The  left  sides  of  (6) -(11)  are  the  elements  of  the  Mueller 
matrix  measured  by  the  polarimetric  radar  system  [10].  Sf 


Area 

Band 

Odd 

HH/VV 
Double  Bragg 

Cross 

P 

16/29 

83/60 

1/11 

3.2/5.6 

(a) 

L 

14/29 

86/71 

0/0 

2. 1/4.4 

c 

0/0 

94/49 

6/51 

4.6/4.1 

p 

32/54 

68/45 

0/0 

9.8/17.0 

(b) 

L 

34/57 

66/43 

0/0 

11.1/21.8 

C 

42/64 

58/36 

0/0 

10.3/18.2 

P 

17/30 

77/34 

6/36 

14.1/25.3 

(c) 

L 

24/33 

67/23 

10/44 

20.0/27.8 

C 

47/54 

44/13 

9/33 

23.2/27.0 

P 

53/54 

33/8 

14/38 

7.1/7.2 

(d) 

L 

63/67 

27/7 

10/26 

10.2/10.8 

C 

43/47 

42/11 

15/42 

20.3/27.9 

A  dominant  double  bounce  scattering  from  commer¬ 
cial  and  residential  areas  is  expected.  The  relative  cross- 
polarized  component  for  residential  areas  is  higher  than 
that  for  commercial  areas,  because  the  vegetation  volume 
scattering  is  much  stronger  in  the  residential  areas.  It  is 
worth  noting  that  there  is  little  difference  between  the  per¬ 
centages  decomposed  from  three  different  bands  (it  implies 
that  the  measured  signatures  at  these  three  bands  are  very 
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Figure  1:  Polarization  signature  (top:  co-polarization  and  bottom:  cross-polarization)  comparison  using  the  measured 
and  simulated  Mueller  matrices  for  residential  areas  in  Sydney  at  P-band:  (a)  measured,  (b)  simulated  and  (c)  absolute 
difference. 


similar)  for  either  the  commercial  or  residential  areas.  The 
situations  for  forested  areas  are  different.  It  can  been  seen 
that  the  component  of  double  bounce  backscattering  de¬ 
creases  from  P-  to  L-  and  further  to  C-bands  due  to  the 
well  known  effect  of  foliage  attenuation.  The  foliage  at¬ 
tenuation  increases  with  increasing  frequency,  resulting  in 
a  decrease  in  the  double  bounce  scattering.  A  dominant 
component  of  single  (odd)  scattering  is  decomposed  for  a 
grassland  area  at  all  three  bands.  It  can  also  be  seen  from 
the  table  that  the  scattering  components  for  the  eucalypts 
and  grassland  areas  at  C-bands  are  very  similar,  indicat¬ 
ing  that  C-band  has  a  very  limited  ability  to  penetrate  in 
vegetated  areas. 

Figure  1  shows  the  measured  and  simulated  polarization 
signatures  for  a  residential  area.  Shown  in  the  figure  are 
also  the  differences  of  the  measured  and  simulated  polar¬ 
ization  signatures.  In  summary,  the  accuracy  of  decom¬ 
position  was  found  to  be  more  than  95%  for  linear  polar¬ 
izations  (HH  and  VV  polarizations)  and  more  than  85% 
for  any  other  polarizations,  in  most  cases.  A  better  po- 
larimetric  image  classification  could  be  achieved  using  the 
traditional  discriminators  (co-  and  cross-backscattering  co¬ 
efficients,  ratios  of  different  backscattering  coefficients,  and 
phase  difference,  etc)  as  well  as  the  optimal  decomposition 
techniques. 
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Abstxact-This  paper  presents  the  result  of  a  comprehensive 
evaluation  of  filters  for  radar  speckle  suppression.  Seven 
filters  in  the  Radar  Module  of  Erdas/IMAGINE®  were 
evaluated,  including  the  mean  filter,  the  median  filter,  the 
Lee-Sigma  filter,  the  Local  Region  filter,  the  Lee  filter,  the 
Frost  filter,  and  the  MAP(Maximum  A  Posteriori)  filter.  The 
performance  of  these  filters  was  measured  in  terms  of  five 
criteria:  speckle  suppression  index,  edge  enhancing  index, 
feature  preserving  index  (for  both  linear  features  and  point 
features),  image  detail  preserving  coefficient,  and  speckle 
image  analysis.  Visual  effect  of  filtered  image  and  its  filter 
theoretical  basis  were  discussed.  The  relationship  between 
filter  performance  and  speckle  patterns  was  also  examined. 


INTRODUCTION 

Like  other  types  of  coherent  imagery,  all  radar  images  are 
inherently  corrupted  by  speckle.  The  presence  of  speckle  in 
an  image  reduces  the  detectability  of  ground  targets, 
obscures  the  spatial  patterns  of  surface  features,  and 
decreases  the  accuracy  of  automated  image  classification. 
Thus,  it  is  often  necessary  to  enhance  the  image  by  speckle 
filtering  before  data  can  be  used  in  various  applications. 
During  the  past  20  years,  more  than  a  dozen  of  filters  have 
been  developed  for  speckle  suppression.  All  major 
commercial  image  processing  systems,  such  as,  ER 
Mapper®,  PCI  EASI/PACE®  and  Erdas/IMAGINE®,  include 
a  number  of  image  filters  for  radar  speckle  suppression. 
With  the  availability  of  a  wide  variety  of  radar  image  filters, 
the  user  needs  to  know  how  to  pick  the  best  filter  for  a 
particular  application.  Durand[l],  Dewaele[2],  Shi[3]  and 
Rao[4]  carried  out  comparative  studies  of  radar  speckle 
filters.  However,  there  have  been  very  few  studies  on  the 
efficiency,  range  of  applicability,  the  advantages,  and 
disadvantages  of  different  filters.  Recently,  Lee[5]  has  given 
a  comprehensive  review  of  the  better-known  SAR  filters. 
This  paper  presents  the  result  of  a  comprehensive  evaluation 
of  filters  for  radar  speckle  suppression  available  in  the 
Erdas/IMAGINE®  Radar  Module. 

BRIEF  DESCRIPTION  OF  SPECKLE  FILTERS 

There  are  seven  filters  provided  in  IMAGINE  V.8.2.  All  of 
the  filters  use  a  kxk  moving  window  to  estimate  the  central 
pixel  intensity.  They  are  briefly  described  below. 
0-7803-3068-4/96$5.00©1996  IEEE 


1.  Mean  Filter 

Radar  speckle  appears  as  high  frequency  component  in  a 
radar  image.  Mean  filter,  a  widely-used  low-pass  filter,  can 
be  used  for  the  speckle  suppression  purpose. 

2.  Median  Filter 

The  low-valued  and  high-valued  pixels  correspond  to 
destructive  and  constructive  speckle.  The  use  of  median 
value  reduces  such  erratic  variations. 

3.  Lee-Sigma  Filter 

Based  on  the  Gaussian  distribution  model,  Lee-Sigma 
filter  averages  only  those  pixels  within  m  o  range  (e.g., 
95.5%,  when  m=2),  i.e.. 


^ 

15. 

<=i 


where  6.  = 


{\,if  e  + 

[O,  else 


4.  Local  Region  Filter  (LR) 

The  Local  Region  filter  divides  the  moving  window  into 
eight  regions  based  on  angular  position.  The  algorithm 
compares  the  variance  values  of  the  regions  surrounding  the 
pixel  of  interest.  The  pixel  of  interest  is  replaced  by  the  mean 
of  all  values  within  the  region  with  the  lowest  variance. 

5.  Lee  Filter 

Based  on  the  multiplicative  model  of  speckle  noise,  the 
priori  mean  and  variance  are  computed  as  follows: 


a 


An  estimator  of  Ro  is  obtained  by  minimizing  either  the 
mean  square  error  or  the  weighted  least  square  estimation: 

k  =  'R^k  ’{R-^) ,  where  k  is  calculated  as:  k  =  ^ar{R) — 

^  (y^  +  Var{R) 


6,  Frost  Filter 

Like  Lee  filter,  Frost  filter  is  based  on  the  local  statistics 
and  the  multiplicative  model.  It  differs  from  the  Lee  filter  in 
that  the  scene  reflectivity  is  estimated  by  convolving  the 
observed  image  with  tlie  impulse  response  of  the  SAR  system 
and  it  averages  less  in  the  edge  areas  to  preserve  the  edge  . 

7.  MAP  Filter 

MAP  is  an  adaptive  speckle  filter,  which  tends  to 
maximize  a  posteriori  probability  of  the  original  signal  from 
the  speckled  signal.  MAP  filter  assumes  that  the  original 
signal  has  a  Gaussian  distribution. 


FILTER  EVALUATION 


A  speckle  suppression  filter  is  expected  to  filter  the 
homogeneous  areas  with  reasonable  speckle  reduction 
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capability,  retain  edges,  preserve  features  (linear  features  and 
point  features),  and  have  reasonable  theoretical  assumptions. 
Five  indexes  are  derived  for  use  as  the  evaluation  criteria  in 
this  paper: 

1.  Speckle  Suppression  Index  (SSI): 


For  homogeneous  areas,  regarded  as  the 

measurement  of  speckle  strength.  Speckle  suppression  index 
(normalized  to  the  original  image)  is  here  defined  as: 


SSI 


^Var(Ro)  Mean(R) 


Mean(Ro) 


^Var(R) 


(1) 


where  Ro  is  the  filtered  value,  R  is  the  original  value. 

For  most  cases,  SSI<1.0,  which  means  speckle  is  suppressed. 
The  lower  the  SSI  is,  the  stronger  suppression  ability  the 
filter  has, 

2.  Edge  Enhancing  Index  (EEI): 

For  a  n-pixel  long  edge,  EEI  is  defined  as 


EE!  = 


(2) 


where  Rj,  R2  are  the  original  values  of  the  one-pixel  wide 
lines  on  either  side  of  the  edge,  while  Roi ,  R02  are  the 
filtered  values.  Higher  EEI  represents  better  edge  retaining 
ability  of  the  evaluated  filter. 

3.  Feature  Preserving  Index  (FPI): 

For  a  one-pixel  wide  linear  feature  of  n  pixels, 

t(2’Ra-  Ro^-Rc2) 

FPh_  line  =  -  (3  ) 

^{l-R-Rx-Ri) 


where  R  is  the  original  value  of  a  pixel  representing  the 
feature,  Ri,  R2  are  the  pixels  on  the  both  sides  of  the  feature, 
while  ,  /?02  are  the  filtered  values. 

For  a  point  feature. 


FPI  point-  Mean{R^A.ight) 

Mean(R,A.^gH,or)  Mean{R,po.r.) 

Although  some  filters  can  preserve  features,  feature  value 
may  change  unexpectedly.  Thus,  FPI2  is  used  to  describe  the 
ability  of  feature  mean  value  retention: 


PPJ^  = 

Mean{RfeaSurt) 

4.  Image  Detail  Preserving  Coefficient  (IDPC): 

Based  on  speckle  identification,  the  correlation  coefficient 
between  the  filtered  image  and  the  original  image  shows  the 
filter’s  ability  of  preserving  the  original  values  of  features. 

5,  Speckle  image  statistical  analysis: 

Radar  speckle  is  multiplicative,  i.e.,  Rfj^ROij'^SPij, 
Speckle  image  can  be  derived  from  the  original  image  and 
fOtered  image  simply  by  image  ratioing.  Theoretically, 
speckle  image  should  have  normal  distribution  with  its  mean 
around  1.  Thus,  the  statistics  of  the  speckle  image  can  help 
us  to  evaluate  filters. 


To  evaluate  the  IMAGINE  speckle  filters  by  the  above 
criteria,  radar  image  of  Flevoland,  the  Netherlands,  acquired 
by  SIR-C/X-SAR  system  on  April  14,  1994,  was  used  for  our 
study.  A  subimage  (600x700)  was  clipped,  where  six 
categories  of  landuse  are  identified:  built-up  area,  canal, 
arable  land,  meadow,  meadow  with  poplar  and  forest.  There 
are  some  linear  features  (roads  and  small  rivers)  and  point 
features  in  this  image,  the  result  of  a  study  on  speckle  pattern 
analysis  using  this  image  is  reported  in  [6].  Several 
homogeneous  areas  of  each  landuse  type  were  selected  to 
evaluate  the  performance  of  filters. 

The  SSIs  of  each  filter  in  different  homogeneous  areas  are 
shown  in  Tab.  1.  In  these  homogeneous  areas,  the  mean 
filter  performs  best  and  the  MAP  filter  and  the  median  filter 
also  work  well,  while  the  Frost  filter  is  the  poorest. 
Comparing  the  SSI  with  speckle  patterns,  we  can  find  some 
relationship  between  them.  As  Fig.  1  shows,  the  Frost  filter 
almost  has  no  effect  in  areas  with  low  speckle  means(water 
and  meadow);  the  mean  filter  performs  well  in  SSI  for  the 
more  speckled  areas  (higher  speckle  density);  the  median 
filter  gets  a  high  SSI  in  the  areas  where  the  bright  and  dark 
speckles  are  out  of  balance;  the  Sigma  filter  works  better 
when  the  bright  speckle  roughness  matches  the  dark  speckle 
roughness;  and  the  Lee  filter  produces  better  results  in  the 
areas  with  median  speckle  strength.  From  the  EEI  and  FPI 
(Tab.  2),  we  can  see  that  the  Frost  filter  is  definitely  the  best 
in  preserving  both  edges  and  features,  and  the  Lee  filter  is 
favorable.  The  mean  filter  blurs  edges  and  features  and  the 
median  filter  causes  loss  of  point  features.  The  IDPC  (Tab. 
3)  and  statistics  of  speckle  image  (Tab.  4)  show  that  the  local 
region  filter  changes  the  original  image  too  much  except  for 
speckle.  The  Frost  filter  almost  keeps  the  image  (excluding 
sharp  speckled  pixels)  untouched,  but  the  speckle  image 
shows  its  low  ability  in  speckle  suppression.  The  speckle 
image  processed  by  the  median  filter  seems  to  have  a 
reasonable  statistical  distribution.  Comparing  the  filtered 
images  visually,  we  can  see  that  the  mean  filter  and  the  MAP 
filter  blur  the  image  seriously. 


CONCLUSION 

Several  objective  normalized  evaluation  indexes  are 
developed  in  this  paper  so  that  the  filter  performance  can  be 
evaluated  for  each  area  of  different  landuse  and  speckle 
pattern.  None  of  the  evaluated  filters  performs  well  on  the 
basis  of  all  the  evaluation  indexes.  There  is  always  a  trade¬ 
off  between  speckle  suppression  and  edge/feature 
preservation  for  all  the  filters.  The  close  relationship 
between  the  filter  performance  and  speckle  patterns 
described  in  this  paper  indicates  that  speckle  patterns  should 
be  considered  in  filter  selection. 
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Tab.l  Speckle  Patterns  and  SSIs  of  Selected  Areas 


I  Landcover 

Speckle  pattern 

Filter 

Area 

No. 

Land 

use 

Bright  Speckle 
Mean  Roughness 

Dark  Speckle 
Mean  Roughness 

Speckle 

Density 

Bright 

Density 

Dark 

Bright _  Density 

Median 

Sicma 

■ng 

■ 

Frost 

MAP 

Density 

Dark  _  Density 

SSI  No. 

ssf  b 

Jo. 

Di 

SSI  b 

Jo. 

SSI  > 

Jo.  1 

— 

Built-up 

212.925 

43.310 

0.168 

0.026 

0.142 

0.183 

D 

ISBSEi 

B 

B 

Kl^ 

B 

B 

B 

09 

B 

B 

215.943 

26.865 

0.203 

0.057 

0.146 

0.634 

‘ 

0.793 

liSfiSI 

0.849 

liSgil 

.1 

0.676 

B 

Water 

61.421 

26.865 

7.706 

10.571 

0.291 

0.119 

0.172 

0.692 

0.403 

n 

ESI 

B 

B 

09 

B 

B 

B 

B 

Arable 

165.422 

32.439 

83.601 

33.860 

0.292 

0.112 

0.180 

D 

B 

B 

B 

B 

99 

B 

I^E 

B 

B 

35.528 

31.253 

B 

B 

B 

B 

B 

1^9 

B 

IjQJjl 

B 

B 

35.462 

EEj^9 

29.228 

0.285 

HOI 

B 

0.631 

B 

B 

B 

B 

12^111 

B 

0^9 

B 

B 

167.454 

33.912 

0.278 

B 

0.639 

B 

12^1 

B 

B 

B 

B 

EQE 

B 

B 

197.625 

35.897 

IIMUI 

0.273 

B 

B 

B 

B 

193 

B 

B 

Emi 

B 

B 

Meadow 

60.671 

52.799 

12.310 

15.188 

0.217 

B 

B 

B 

B 

B 

ijggi 

B 

EE^ 

B 

B 

13.882 

26.368 

0.270 

0.101 

0.169 

0.598 

B 

B 

09 

B 

Ij^jy 

B 

90! 

B 

B 

B 

B 

BSS 

115.667 

42.441 

0.193 

0.039 

0.154 

0.253 

B 

B 

09 

B 

I2[{u 

B 

ISSliy 

B 

B 

E^jj 

B 

B 

26.578 

0.151 

0.012 

B 

B 

B 

09 

B 

B 

B 

B 

B 

25.910 

0.135 

0.005 

fl 

B 

B 

OBO 

B 

0.942 

B 

B 

09 

B 

Mixture 

UiSSM 

0.226 

0.071 

0.458 

B 

9EI 

B 

B 

B 

0.912 

B 

B 

|2gJ£| 

B 

Tab  .2  EEI  and  FPI 


Description  of  edge 
or  feature 

Index  type 

Mean 
Index  No. 

Median 
Index  No. 

Sigma 
Index  No. 

LR 

Index 

No. 

Lee 

Index  No. 

Fros 

Index 

t 

No. 

MA] 

Index 

P 

No. 

Edge;  meadow  and  arable  land 

EEI 

EEQ 

0.648 

^Ei 

mil 

B 

my 

B 

99 

1 

0.595 

B 

Edge:  meadow  and  forest 

EEI 

B 

B 

0.772 

B 

B 

99 

B 

1 

0.629 

B 

Edge:  canal  and  built-up  area 

EEI 

B 

B 

B 

9E3 

B 

B 

1 

0.725 

B 

HilBSB 

my 

B 

0.243 

B 

my 

B 

091 

B 

B 

fl 

0.442 

E9I 

B 

3.302 

B 

09 

B 

imi 

B 

B9 

B 

1.000 

fl 

2.157 

B 

Linear  feature:  main  road 

FPIiJine 

B 

EQE 

B 

B 

EEU 

B 

B 

0.877 

B 

B 

FPL 

Euyj 

B 

12^ 

B 

0.775 

B 

0.887 

B 

0.970 

• 

0.776 

B 

Point  feature:  light  tower  in  canal 

FPIi_point 

B 

B 

mi^ 

B 

0.680 

B 

0.972 

B 

umi 

B 

0.802 

B 

FPL 

B 

0.379 

B 

B 

0.551 

0.968 

B 

iim 

B 

0.653 

B 

Tab.3  Image  Detail  Preservation  Index 


ndex 

Mean 

Median 

Sigma 

LR 

Lee 

Frost 

MAP 

IDPC 

0.949 

0.948 

0.963 

0.920 

0.907 

0.989 

0.960 

Tab.4  Speckle  Image  Statistics 


Index  type 

Mean 

Median 

Sigma 

LR 

Lee 

Frost 

MAP 

mean 

0.983 

1.057 

1.092 

1.128 

0.995 

0.997 

1.012 

std.  deviation 

0.432 

0.784 

0.401 

1.006 

0.469 

0.094 

0.320 

The  Relationship  of  Frost  FiHer  and  Speckle  Means 


Fig.l  The  Relationship  Between  Frost  Filter  and  Speckle  Patterns 
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Abstract  -  In  this  paper,  the  results  of  the  segmentation 
process  of  polarimetiic  multiband  SAR  images  are  shown. 
Purpose  of  the  work  is  the  image  interpretation  in  absence 
of  ground-truth.  The  segmentation  process  is  performed 
by  the  Self  Organizing  Map  network  which  is  an  unsuper¬ 
vised  neural  network.  The  objective  of  the  segmentation 
is  the  selection  of  homogeneous  regions  on  the  image  and 
the  results  are  evaluated  in  terms  of  grey  level  statistics 
on  same  restricted  areas  (urban  and  salina  areas). 

INTRODUCTION 

The  use  of  radar  polarimetry  is  very  promising  in  mon¬ 
itoring  terrain  parameters.  Many  SAR  systems  produce  a 
large  amount  of  measurements  for  each  resolution  cell  of 
the  polarimetric  image  and  these  data  must  be  correctly 
processed  in  order  to  obtain  the  maximum  information  of 
the  land  characteristics.  A  supervised  approach  is  nor¬ 
mally  adopted  for  classification  purposes,  however  when 
the  ground  truth  is  not  available,  the  image  processing 
can  only  supply  some  statistical  data.  Under  these  cir¬ 
cumstances,  a  segmentation  process  can  be  used  to  detect 
homogeneous  areas. 

In  this  paper,  the  results  of  the  segmentation  process  of 
polarimetric  SAR  images  are  shown.  SAR  measurements 
depend  on  structural  and  electromagnetic  properties  of 
the  terrain  as  the  surface  roughness  and  the  soil  moisture. 
As  first  processing  step,  it  is  necessary  to  organize  all  data 
into  a  finite  number  of  clusters.  The  advantage  of  a  seg¬ 
mentation  technique  is  that  it  performs  a  dimensional  re¬ 
duction  of  the  input  data;  in  fact,  each  multi-dimensional 
pixel  is  associated  to  a  scalar  value  that  identifies  a  clus¬ 
ter.  The  multi-dimensional  pixel  is  obtained  by  grouping 
the  polarimetric  multiband  SIR-C  values.  The  segmenta¬ 
tion  process  is  performed  by  using  a  Self  Organizing  Map 
(SOM)[l]  which  is  an  unsupervised  neural  network  and 
produces  a  topological  map  of  clusters.  This  map  can  be 


successively  used  to  group  in  a  given  class  all  clusters  hav¬ 
ing  similar  features.  Neural  network  approaches  represent 
a  valid  alternative  to  traditional  supervised  and  unsuper¬ 
vised  algorithms  [2]  and  their  performances  are  compa¬ 
rable  or  slightly  better  than  their  analogous  conventional 
methods  [3]. 

The  segmentation  is  evaluated  in  terms  of  region  ho¬ 
mogeneity  on  same  restricted  areas.  In  our  case,  these 
references  area  are  identified  on  the  image  by  a  visual 
inspection  as  salina  and  urban  areas.  Measuring  on  the 
segmented  images  some  statistics  on  the  grey  levels  in  cor¬ 
respondence  of  the  above  mentioned  areas,  it  are  shown 
how  the  dispersion  of  the  grey  level  image  changes  with 
the  processing  of  input  vector  with  a  different  dimension¬ 
ality. 


DATA  DESCRIPTION 

In  this  paper  SAR  images  are  used.  Data  have  been 
collected  with  SIR-C  sensor  mounted  on  the  Endeavour 
Space  Shuttle  which  over  Italy  in  October  ’94.  The  study 
area  covers  19.5  Km  (range  direction)  *18.5  Km  (azimuth 
direction)  approximately  and  it  is  located  in  a  south¬ 
eastern  region  of  Italy  (Matera  site  CB  1).  The  SIR-C 
is  a  polarimetric,  multifrequency  SAR.  It  measures  simul¬ 
taneously  both  amplitude  and  phase  of  the  backscattered 
signal  for  each  of  the  four  linearly  polarized  components 
(HH,  HV,  VH,  VV)(scattering  matrix)  at  C-band  (A  ~  6 
cm)  and  L-band  (A  ~  24  cm).  Assuming  reciprocity,  the 
HV  component  is  equal  to  the  VH  component  [4].  Polari¬ 
metric  data  are  the  sources  of  multidimensional  feature 
vectors:  in  fact,  polarimetric  measurement  can  be  stored 
in  3  complex  quantities: 

HH,  HV,  VV 

or  in  5  real  quantities: 


0-7803-3068-4/96$5.00©1996  IEEE 
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1  HH  I,  I  HV  I  cos{<l>HV  -  I  HV  I  sm{(l>HV  -  <I>hh), 

I  VV  I  cos{<l>yv  —  (I>hh)j  I  I  sm{(j)vv  -  <I>hh) 

where  s^re  the  phases  of  HH,  HV  and 

VV,  respectively  [5].  To  decrease  the  effects  of  the  speckle 
noise,  a  multilook  averaging  is  usually  applied.  The  av¬ 
eraging  is  performed  on  the  values  of  the  received  power 
and,  considering  the  covariance  matrix  of  the  scattering 
matrix,  the  Mueller  matrix  is  obtained  finally,  taking  into 
account  the  covariance  matrix  of  the  scattering  matrix.  In 
this  case,  we  have  a  feature  vector  consisting  of  6  complex 
elements  [6]: 

HH  •  HH* ,  HV  .  HV* ,  VV  •  VV  * , 

HH  HV*,HH^  VV* , HV  *  VV* 

or  9  real  quantities: 

I  HH  .  HH*  l\HV^  HV*  |,  |  VV  ♦  VV*  |, 

Re{HH  •  HV*},  Im{HH  •  HV*}, 

Re{HH  .  VV*},  Im{HH  •  VV*}, 

Re{HV  .  VV*},Im{HV  •  VV*}. 

The  compressed  polarimetric  radar  data  were  delivered  by 
JPL;  for  practical  purposes  a  subimage  of  512  pixels  by 
512  lines  was  extracted  from  the  original  scene  of  1424  • 
9616  pixels.  Data  are  also  calibrated.  At  first,  data  have 
been  decompressed;  then  the  multilook  technique  was  ap¬ 
plied  by  averaging  2  pixels  in  range  direction  and  7  pixels 
in  azimuth  direction.  This  is  the  optimum  multilook  to 
obtain  a  square  ground  pixel  whose  size  is  approximately 
of  37*37m^.  At  last,  9  real  elements  in  the  Mueller  matrix 
form  have  been  extracted  to  describe  the  properties  of  the 
polarimetric  backscattered  signal. 

Data  suffers  of  high  dispersion.  Tab.  1  shows,  as  exam¬ 
ple,  statistics  of  data  in  correspondence  of  the  salina  and 
urban  areas  that  should  be  the  most  homogeneous  regions 
that  can  be  found  on  the  image.  Fig.  1  a)  shows  a  SAR 
image. 

It  should  be  noted  that  the  absolute  maximum  value  of 
the  images  are  found  on  urban  areas  show  a  higher  disper¬ 
sion  around  the  mean  value.  Salina  area  is  characterized 
by  a  lower  mean  and  a  smaller  dispersion  of  the  grey  levels. 


DATA  PROCESSING  AND  RESULTS 

Let  M(C)  and  M(L)  be  the  values  of  |  HH  •  HH*  [, 

I  HV  •  HV*  1,  1  VV  •  VV*  I  in  C  and  L  Band,  respectively 
and  let  M-f  P(C)  and  M-fP(L)  be  the  9  components  of 
the  Mueller  matrix  in  C  and  L  Band,  respectively.  These 


Table  1:  Statistics  for  salina  and  urban  areas  (/i=Mean, 
<j=Standard  Deviation). 


Image 

Min 

Max 

a 

Salina  area 

\HH-HH*  I,  C 

0.002 

0.384 

0.045 

0.040 

\HV-HV*  I.  C 

0.001 

0.053 

0.004 

0.003 

I VV-VV*  I,  C 

0.003 

0.362 

0.049 

0.039 

I  HH  ■  HH*  I,  L 

0.001 

0.604 

0.081 

0.065 

I  HV  •  HV*  I,  L 

0.000 

0.019 

0.001 

0.001 

I  VV  •  VV*  I,  L 

0.001 

0.752 

0.170 

0.135 

Urban  area 

I  HH  HH*  I,  C 

0.055 

1.336 

0.855 

0.416 

\HV  -HV*  I,  C 

0.006 

0.134 

0.082 

0.040 

I  VV-VV*  I,  C 

0.035 

0.649 

0.412 

0.184 

I  HH  HH*  I,  L 

0.025 

0.885 

0.451 

0.293 

\HV-HV*  I,  L 

0.001 

0.056 

0.041 

0.017 

I  VV-VV*  I,  L 

0.018 

0.752 

0.344 

0.217 

data  vectors  (M(C),  M(L),  M(C-l-L),  M+P(C),  M-hP(L)) 
have  been  sampled  from  correspondent  images  and  them 
have  been  submitted  to  a  SOM  neural  network  for  differ¬ 
ent  experiments  of  segmentations.  The  number  of  output 
nodes  for  each  network  was  16,  whereas  the  number  of 
input  nodes  was  equal  to  the  input  vector  components. 
By  using  all  data  vectors  sampled  from  images,  the  SOM 
training  phase  is  performed  without  supervision.  This 
phase  updates  the  weight  vectors  in  such  a  manner  that 
them  tend  to  approach  the  cluster  center  of  the  input 
data.  After  training,  labelling  each  multidimensional  vec¬ 
tor  with  the  cluster  code  assigned  by  SOM,  a  16-grey  level 
image  has  been  obtained.  Each  level  represents  the  cluster 
of  all  input  vectors  that  are  similar  in  the  n- dimensional 
Euclidean  space.  The  segmented  image  obtained  has  the 
property  that  close  grey  levels  correspond  to  similar  clus¬ 
ters.  As  result,  the  dark  and  bright  areas  on  the  original 
images  are  mapped  on  low  and  high  grey  levels  on  the 
output  image  (as  the  salina  and  urban  areas). 


Table  2:  Statistics  for  salina  (s)  and  urban  (u)  areas  on 
segmented  images  (/x=Mean,  <j=Standard  Deviation). 


Input  images 

Mu 

o-u 

M(C) 

1.03 

0.28 

11.92 

4.14 

M(L) 

3.95 

2.79 

9.79 

4.44 

M(C+L) 

1.66 

1.41 

11.66 

4.34 

M+P(C) 

1.05 

0.54 

9.08 

5.03 

M+P(L) 

1.40 

1.04 

8.93 

4.95 
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Figure  1:  a)  Image  \  HH '  HH*  Band  C;  h)  Segmented  image  obtained  using  M(C)  input  vectors. 


Tab.  2  shows  the  statistics  extracted  on  the  segmented 
images.  It  can  be  noticed  that  the  mentioned  areas  are 
peaked  on  the  grey  levels  indicated  by  the  mean  value. 
The  smallest  deviations  from  the  mean  value  occur  in  the 
segmentation  obtained  with  the  M(C)  input  vectors.  So, 
this  last  can  be  assumed  as  the  more  consistent  result  for 
the  areas  of  interest  (Fig.  lb)). 

CONCLUSIONS 

A  SOM  neural  network  has  been  applied  for  the  SIR-C 
data  segmentation  in  order  to  detect  homogeneous  regions 
on  images.  The  segmented  image  that  has  a  greater  ho¬ 
mogeneity  respect  two  areas  of  interest  has  been  obtained 
processing  the  magnitude  information.  For  this  purpose, 
processing  also  phase  informations  doesn’t  improve  the 
result. 
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Abstract  —  In  this  paper,  we  describe  a  segmentation 
technique  for  SAR  sea  ice  imagery  that  determines  the 
number  of  classes  in  the  image  without  a  priori  knowledge  of 
the  characteristics  of  the  image.  Image  segmentation  is 
important  to  sea  ice  research  such  as  classification,  and  floe 
and  lead  analyses.  In  SAR  sea  ice  imagery,  however, 
backscatter  characteristics  vary  for  different  seasons, 
temperatures,  wind  activity,  and  geographical  locations,  etc. 
As  a  result,  image  processing  techniques  that  pre-determine 
the  number  of  classes  could  generate  segmentation  that 
contains  erroneous  merging  of  classes  and/or  unnecessary 
separation  of  a  class  leading  to  unrecoverable  mistakes  during 
the  classification  phase.  We  have  designed  an  image 
segmentation  technique  that  combines  image  processing  and 
machine  learning  methodologies.  It  computes  spatial  and 
textural  statistics  from  the  image  and  determine  the  number 
of  classes  by  conceptually  clustering  these  statistics.  We 
have  also  tested  this  technique  on  a  large  database  of  sea  ice 
imagery,  and  it  has  shown  successes  in  determining  the 
number  of  classes  without  human  intervention. 

INTRODUCTION 

In  image  processing,  segmentation  is  important  in  isolating 
objects  from  the  background  or  separating  groups  of  objects. 
A  segmentation  process  takes  a  property  derived  from  the 
image  and  classifies  that  property  into  two  or  more  groups. 
One  inherent  problem  that  image  segmentation  faces  is  the 
determination  of  the  number  of  classes.  To  remedy  this 
problem,  many  segmentation  algorithms  have  used  a  pre¬ 
determined  number  of  classes,  thus  producing  unnecessary 
divisions  or  mergings  of  classes.  Other  algorithms  required  a 
priori  determination  of  the  number  of  classes  by  a  human 
operator. 

Segmentation  in  SAR  sea  ice  imagery  is  a  critical  part  of 
the  classification  process.  SAR  sea  ice  imagery  consists  of  a 
wide  range  of  images;  for  example,  a  solid  pack  ice  (one 
class),  a  lead  breaking  across  a  pack  ice  (two  classes),  an  ice- 
water  composition  of  different  ice  types  (three  or  more 
classes),  etc.  This  characteristic  of  uncertain  number  of 
classes  has  further  complicated  the  problems  as  discussed 
above.  Also,  conventional  segmentation  techniques  that 
accommodate  different  classes  and  yet  require  human 
supervision  and  parameter  (number  of  classes)  adjustments 
become  infeasible  when  deling  with  large  amount  of  data. 
These  problems  have  motivated  the  work  of  this  paper. 
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Our  technique  determines  the  number  of  classes  by  first 
generating  a  second-order  statistical  texture-contour  map  of 
the  image,  computing  a  matrix  of  ordered  spatial 
relationships  among  local  regions  of  the  image,  reducing  a 
frequency  histogram  of  the  threshold  values  sequentially,  and 
then  clustering  the  clues  computed  from  the  texture  map  and 
the  spatial  matrix  (describing  the  image)  into  different  groups 
to  form  a  concept  hierarchy  using  a  conceptual  clustering 
algorithm. 

METHODOLOGY 

Our  technique  is  based  on  two  assumptions.  First,  any 
segmentation  or  class-determination  technique  based  on 
intensity  alone  is  not  able  to  determine  the  number  of  classes 
in  SAR  sea  ice  imagery.  Different  ice  types  might  occupy  the 
same  intensity  range  even  though  they  are  different  under 
human  inspection,  based  on  size,  shape,  texture,  and  other 
properties.  Second,  texture  is  useful  in  representing  different 
ice  features  and  thus  in  the  investigation  of  the  number  of 
classes  in  an  image.  Texture-based  classification  has  l^n 
successfully  used  in  sea  ice  image  analysis  [1-3].  We  believe 
that  combining  intensity  and  textural  properties  is  important 
in  determining  the  number  of  classes  in  an  image.  In  the 
following,  we  will  discuss  our  pre-clustering  module  that 
processes  the  image  to  provide  attributes  for  each  selected 
threshold,  and  the  clustering  module  that  uses  the  selected 
thresholds  with  their  attributes  for  partitioning. 

Pre-Clustering  Module 

This  module  consists  of  four  components:  1)  Generation 
of  raw  thresholds,  tr,  2)  Generation  of  significant  thresholds, 
ts,  3)  Generation  of  spatial  matrix,  and  4)  Generation  of 
textural  matrix. 

Generation  of  Raw  Thresholds:  First,  we  apply  dynamic 
local  thresholding  to  the  image.  Dynamic  local  thresholding 
is  a  technique  that  divides  the  image  into  smaller  regions  and 
locally  computes  thresholds  for  the  regions  [4].  It  is  able  to 
capture  local  details  through  its  localized  treatment  of  the 
image,  and  yet  maintain  the  globality  of  the  image  through 
weighted  interpolations  of  the  local  thresholds  to  other 
regions.  This  thresholding  process  results  in  a  set  of  raw 
thresholds,  or  tr. 

Generation  of  Significant  Thresholds:  The  objective  of 
this  component  is  to  filter  out  extraneous  threshold  values, 
resulting  from  the  dynamic  local  thresholding  technique,  by 
picking  dominant  pe^  from  the  histogram  of  thresholds.  As 
a  result,  we  provide  the  clustering  module  only  the  significant 
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thresholds  and  without  the  residuals,  enabling  a  correct 
partition  during  the  clustering  phase. 

Generation  of  Spatial  Matrix:  Our  spatial  descriptor  is 
related  to  probabUistic  relaxation  [5].  It  computes  a  variety 
curve  for  each  threshold  value.  The  variety  curve  measures 
how  a  threshold  value  behaves  spatially  in  relation  to  its  eight 
immediate  neighbors.  Each  point  of  the  variety  curve  of  a 
threshold  value  T]^  is  the  probability  of  a  threshold  value 
being  a  neighbor  to  the  value  Tjt.  By  observing  the  variety 
curve,  one  can  tell  how  frequent  two  threshold  values  are  in 
spatial  proximity  of  each  other,  indicating  that  whether  two 
threshold  values  should  be  merged  as  one. 

Generation  of  Textural  Matrix:  To  capture  sea  ice 
textures,  we  have  used  gray-level  co-occurrence  matrices  [6]. 
This  generator  uses  eight  second  order  statistical,  textural 
features  such  as  energy,  contrast,  correlation,  homogeneity, 
entropy,  autocorrelation,  dissimilarity,  and  maximum 
probability  [6,7],  with  a  multi-displacement  co-occurrence 
matrix  implementation  [8].  These  measurements  will  then  be 
associated  to  one  of  the  thresholds  in  ts,  linking  each 
threshold  value  with  a  vector  of  eight  averaged  textural 
features. 

Clustering  Module 

To  classify  the  set  of  significant  thresholds  into  groups,  we 
employ  conceptual  clustering  [9].  A  conceptual  clustering 
system  accepts  a  set  of  instances,  attached  with  descriptions 
or  attributes,  and  classifies  the  data  into  different  clusters 
based  on  the  attributes.  In  our  work,  we  use  COBWEB/3 
[10],  a  hybrid  implementation  of  COBWEB  [11]  and 
CLASSIT  [12].  CLASSIT  is  a  descendent  of  COBWEB; 
while  COBWEB  deals  with  only  nominal  features,  CLASSIT 
assumes  features  of  normal  distributions.  Fig.l  shows  an 
example  of  COBWEB/3’s  concept  hierarchy.  There  are  three 
instances  (N3-N5).  Each  instance  has  two  attributes:  height, 
which  is  real-valued,  and  gender,  which  is  nominal.  N1  and 
N2  are  parent  nodes,  and  their  attribute  values  correspond  to 
their  children's.  (Note  that  the  default  minimum  standard 
deviation  value  is  0.1  in  this  example.)  These  values  are  used 
in  the  category  utility  function  that  chooses  which  hierarchy 
operation  (merge,  split,  incorporate,  etc.)  to  perform  given  a 
new  instance.  We  have  chosen  this  program  because  of  its 
fully  automated  approach  and  its  simplicity.  Its  unsupervised 
learning  capability  is  able  to  determine  the  number  of  classes 
in  the  data  and  assign  instances  (or  in  our  case,  significant 
thresholds)  to  these  classes,  without  any  human  guidance. 
After  obtaining  the  concept  hierarchy,  a  simple  rule  is  used 
to  collect  groups  of  thresholds:  terminals  that  are  at  the  same 
level  as  an  immediate  neighboring  parent  node — to  resolve 
the  competition  between  two  or  more  qualified  parent 
nodes — ^will  be  absorbed  into  that  parent  node. 

RESULTS 

We  have  applied  our  technique  to  a  database  of  SAR  sea 
ice  imagery,  and  roughly  70%  of  the  results  are  reasonably 
correct.  We  plan  to  compare  our  results  to  other  sea  ice 


classification  programs,  available  ground  truth,  and  human 
judgment  of  expert  geophysicists.  Here  we  provide  an 
example  of  an  image  and  Ae  application  our  technique.  Fig.2 
shows  an  original  SAR  sea  ice  image.  After  dynamic  local 
thresholding,  we  obtained  71  different  raw  thresholds, 
ranging  between  31  and  109,  of  a  scale  of  0-255.  Out  of  the 
raw  thresholds,  we  extracted  18  significant  thresholds.  We 
then  proceeded  to  compute  the  spatial  and  textural  matrices. 
Fig.3  shows  the  concq)t  hierarchy  generated  by  COBWEB/3. 
Applying  our  simple  rule  of  clusters  collection,  we  obtained 
four  classes  of  thresholds:  T0-T4,  T5-T9,  T10-T12,  and  T13- 
T17.  Fig.4  shows  the  final  classification  result  of  the  image. 

CONCLUSIONS 

We  have  designed  a  technique  that  determines  the  number 
of  classes  in  SAR  sea  ice  imagery  automatically  without 
human  intervention.  This  technique  combines  image 
processing  and  machine  learning  techniques.  It  is  able  to 
hierarchically  reduce  the  number  of  thresholds  into  a  concept 
hierarchy  representation  from  which  the  number  of  classes  in 
the  image  can  be  determined.  Our  technique  has  been  tested 
on  a  database  of  imagery  and  has  produced  reasonable  results 
for  more  than  half  of  the  images.  Future  work  includes 
handling  water-dominated  images  (MIZ  or  fast  ice  regions) 
where  significant  difference  in  water  intensities  across  the 
image  causes  the  technique  to  misidentify  different  classes 
for  the  water  region. 


node  contains  the  mean  and  standard  deviation  values  for 
continuous  attributes,  and  conditional  probability  values  for 
nominal  attributes. 
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Fig.3  Concept  hierarchy  of  the  significant  threshold  set.  N's 
are  parent  nodes;  T's  are  terminals.  According  to  our  cluster 
collection  rule,  we  have  four  classes,  as  shown  by  the 
bubbles. 


Fig.2  The  original  SAR  image.  Mar  26  1992,  at  72.86°N, 
143.84<’W.  Copyright  ESA. 


Fig.4  The  classification  result:  there  are  four  classes.  Dark 
denotes  open  water.  Bright  denotes  multiyear  ice.  The  two 
grayish  shades  denote  new  ice  and  first  year  ice,  respectively. 
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ABSTRACT 

Biophysical  systems  in  temperate  regions  undergo  distinct 
changes  in  each  annual  cycle.  For  forested  ecosystems  this  in¬ 
cludes  moisture  and  phenological  changes.  The  dual-flightpro- 
gram  (April  and  October)  for  the  SIR-C/X-SAR  instrument 
aboard  the  shuttle  Endeavor  was  designed  expressly  to  acquire 
imagery  at  different  stages  of  such  cycles.  This  provides  new 
opportunities  in  terrain  classification  where  phenology  and 
moisture  changes  may  be  used  as  additional  information.  Given 
multi-season  SIR-C^-SAR  imagery,  there  are  three  possible 
approaches  to  classifier  development:  (1)  Ignore  the  multi¬ 
season  availability  and  develop  independent  classifications  for 
each  scene  using  n  features,  (2)  Develop  one  classification  for  a 
set  of  X  scenes  using  n  features,  with  x  times  the  number  of  sam¬ 
ples  per  feature,  and  (3)  Develop  a  true  multi-temporal  classifi¬ 
cation  where  N  of  features  equals  n  (number  of  features)  times  x 
(number  of  scenes).  Each  of  these  are  applied  and  results  for  the 
first  two  of  six  selected  scenes  show  the  true  multi-temporal  and 
the  October  scene  alone  to  have  the  highest  accuracies  (94% 
and  95%  respectively)  at  a  level  II  classification. 

1,  INTRODUCTION  AND  GOALS 

Given  multi-season  (April  and  October)  SIR-C/X-SAR  imagery 
for  the  Michigan  Forests  site,  there  are  three  possible  approaches 
to  classifier  development:  (1)  Ignore  the  multi-season  availabil¬ 
ity  and  develop  independent  classifications  for  each  scene  using 
n  features,  (2)  Develop  one  classification  for  a  set  of  x  scenes 
using  n  features,  with  x  times  the  number  of  samples  per  fea¬ 
ture,  and  (3)  Develop  a  true  multi-temporal  classification  where 
N  of  features  equals  n  (number  of  features)  times  x  (number  of 
scenes).  We  hypothesize  that  the  first,  which  is  optimized  for 
each  scene  separately,  could  result  in  a  best  single  classifica¬ 
tion,  but  does  not  result  in  one  which  is  transportable  to  other 
scenes,  especially  over  seasonal  change.  The  second  attempts 
to  be  applicable  over  more  than  one  image,  but  does  not  account 
for  time-dependent  changes  in  phenology/environmental  con¬ 
ditions,  and  the  lumping  of  samples  from  different  scenes  in¬ 
flates  the  variance  of  the  individual  features.  Thus  this  is  likely 
a  worse  classification.  The  final  ^proach  assumes  that  envi¬ 
ronmental  and  phenologic  conditions  change  with  time  and  in 


a  fashion  consistent  with  what  is  found  on  the  imagery  and  so 
uses  phenological  differences  as  additional  feature  information. 
This  should  result  in  the  better  or  best  classification,  and  one 
that  is  transportable  across  scenes  from  different  seasons.  All 
of  these  methods  are  explored  and  results  are  compared. 

2.  METHODOLOGY 

2.1.  Overview 

Most  classification  procedures,  including  those  developed  for 
the  present  study,  are  given  some  form  of  training  data  which 
are  used  to  statistically  define  the  classes  that  are  to  be  sepa¬ 
rated.  Training  data  used  here  are  from  permanent  test  stands  in 
the  Michigan  Forests  test  site.  The  site,  centered  on  46.394^  N. 
Latitude  and  84.885®  W.  Longitude,  is  located  in  the  Hiawatha 
National  Forest  in  the  eastern  part  of  Michigan’s  Upper  Penin¬ 
sula.  Training  and  testing  data  is  available  from  70  four-ha  for¬ 
est  test  stands  representing  the  distribution  of  forest  cover  in 
the  test  site.  Forest  communities  present  are  listed  in  Table  1  as 
classification  categories  at  three  levels  (described  in  the  follow¬ 
ing  sections).  Detailed  measurements  were  made  in  each  stand 
to  quantify  community  composition,  structure,  and  biomass. 
Change  information  in  terms  of  moisture  status  and  phenology 
has  also  been  carefully  documented. 

Six  SIR-C/X-SAR  images  have  been  selected  to  test  our  hy¬ 
potheses  and  to  develop  working  classifiers.  Two  are  chosen  at 
«  20®,  and  four  are  chosen  at  32®  incidence.  These  scenes 
represent  distinct  moisture  regimes  within  each  of  two  seasons 
of  significant  phenological  difference:  spring  (April)  and  fall 
(October).  The  present  study  concentrates  on  phenologic  dif¬ 
ferences  alone  and  reports  on  analyses  of  April  and  October 
scenes  from  datatakes  22.2  «  20®.  Moisture  information  will 
be  incorporated  later  by  adding  the  remaining  four  scenes  to  the 
analysis.  The  typical  steps  in  developing  a  working  classifier 
are:  1)  image  pre-processing  (filtering,  feature  extraction),  2) 
classification,  and  3)  post-processing  (filtering,  relaxation  meth¬ 
ods).  During  image-preprocessing  for  this  study,  SLC  data  are 
orthorectifiedand  then  averaged  to  reduce  fading.  Baseline  n  of 
features  extracted  per  image  is  11  including  7  power  channels 
and  4  extra  channels  describing  the  co-polarized  phase 
difference[5].  In  SAR  image  classification  in  general,  features 
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Table  1:  Classification  Categories 


Level  I 

Level  II 

Level  III 

surface 

short  veg 

tall  veg 

upland 

conifer 

red  pine 
(low,  med,  hi 
BA) 

jack  pine 
(low,  med 

BA) 

lowland 

conifer 

northern 

while-cedar 

black  spnice 

deciduous 

northern 
hardwoods 
(med,  hi  BA) 

aspen 

may  be  extracted  from  the  spectral,  spatial,  and  temporal  do¬ 
mains.  For  this  project  using  multi-date  imagery  we  extract  fea¬ 
tures  from  both  the  spectral  and  the  temporal  domains. 

Classifications  can  be  based  on  a  number  of  different  meth¬ 
ods.  Statistical  (supervised  and  unsupervised),  knowledge- 
based,  and  artificial  neural  network  are  some  typical  examples. 
The  classifier  we  have  developed  is  a  hybrid  consisting  of 
knowledge-based  rules  for  level  I,  and  a  supervised  Bayesian 
MLE  algorithm  for  levels  II  and  III.  We  call  this  a  hybrid- 
es  hierarchical  classifier. 

The  level  I  classes  used  in  this  classifier  are  simple  structural 
classes  with  the  same  meaning  everywhere:  urban(if  present), 
tall  vegetation  (trees),  short  vegetation,  and  surfaces.  At  level 
II,  the  next  level  in  the  hierarchy,  categories  are  more  specific, 
but  equally  universal.  For  example,  for  tall  vegetation,  tree  ar¬ 
chitectural  forms  and  the  presence  of  broadleaves  or  needles  for 
class  names  are  defined,  rather  than  species.  In  the  Michigan 
Forests  test  site  this  includes  upland  conifers,  lowland  conifers, 
and  deciduous.  At  the  third  level  in  the  hierarchy  (level  III) 
level  II  categories  for  tall  vegetation  are  further  distinguished 
based  on  additional  or  more  subtle  structural  differences,  but 
ones  which  are  still  capable  of  producing  significant  differences 
in  SAR  backscatter.  These  are  two:  1)  within  form  differences 
(e.g.  long  vs.  short  needles  on  upland  conifers),  and  2)  overall 
stand  structure  manifested  in  age/size.  In  the  Michigan  Forests 
test  site  the  example  of  long  vs.  short  needles  translates  into 
red  pine  vs.  jack  pine  and  illustrates  how  these  simple  struc¬ 
tural  categories  can  then  be  matched  with  local  floristic  keys. 
Age  and  size  classes  can  be  defined  from  the  test  stands  ba^ 
on  known  structural  measures  such  as  basal  area  (BA). 

At  all  of  these  levels  the  scenes  were  classified  using  each  of 
the  three  methodologies  listed  in  the  goals  of  this  paper.  Re¬ 
sults  of  the  single  date,  multi-date  pooled,  and  multi-temporal 
classifications  follow. 


2.2,  Comparison  of  Classification  Methods 

22.1 .  Optimized for  Each  Date  Separately 

For  level  I,  knowledge-based  classification  can  easily  proceed 
by  a  simple  algorithm  and  manual  optimization.  This  is  done 
for  each  image  until  the  training  stands  are  classified  well,  and 
then  the  test  stands  are  evaluated  for  accuracy.  For  datatake 
22.2  Level  I  rules  are  as  follows  and  are  the  same  for  both  April 
and  October: 


IF  (L-hv  >  (-0.91  *  L-hh  -25.0)  trees 

ELSEIF  (C-hv  >  -20.0)  shortveg 

ELSEIF  (C-hv  <  -20.0  and  L-hv  <  -20.0)  surface 

ELSE  shortveg 

At  level  II  where  tall  vegetation  is  further  categorized,  the 
manual  procedure  outlined  above  is  not  viable;  classification 
is  too  complex  and  the  rules  are  no  longer  related  as  simply 
to  physical  principles.  Hence,  a  standard  supervised  Bayesian 
maximum-likelihood  (MLE)  classifier  is  used.  The  power  data 
as  scaled  in  dB  units  presents  probability  density  functions  that 
are  closer  to  normal  (as  is  required  by  MLE)  than  if  they  had 
been  scaled  linearly.  The  above  classification  procedures  were 
^plied  to  each  scene  separately  for  single  scene  optimization; 
they  were  also  used  in  the  pooled  and  multi-temporal  classifi¬ 
cations  and  so  also  apply  to  the  next  two  sections. 

At  level  III  th'*  statistical  classification  method  is  the  same  as 
that  for  level  II .  Pi.  y sical  criteria  to  differentiate  between  classes 
differs  as  shown  in  Table  1. 

2.2.2.  Pooled  Classification 

Because  level  I  rules  can  be  made  the  the  same  for  both  seasons 
(a  de  facto  multi-time  classification),  and  because  the  manually 
optimized  procedure  is  very  simple,  it  was  determined  that  ad¬ 
ditional  pooled  or  multi-temporal  procedures  were  unnecessary 
at  this  level. 

A  pooled  classification  was  done  at  levels  II  and  III.  Here  all 
samples  were  extracted  from  the  images  and  those  of  the  same 
feature  for  SRL-1  and  SRL-2  and  were  merged.  The  pooled 
classifier  was  statistically  constructed  using  Bayesian  MLE,  and 
then  applied  to  each  scene.  While  this  restricts  number  of  fea¬ 
tures  to  that  of  the  single-scene  method,  because  it  doubles  the 
number  of  samples  for  each  feature,  it  may  significantly  inflate 
the  within  feature  variance. 

2.2.5.  Multi-Temporal  Classification 

For  levels  II  and  III,  the  samples  extracted  from  the  two  im¬ 
ages/seasons  are  kept  separate  and  the  feature  space  is  doubled. 
This  doubling  risks  not  meeting  the  statistical  requirements  for 
n  of  samples  per  feature;  the  underlying  statistical  estimations 
may  be  underdetermined  if  the  spectral  dimensionality  is  not  re¬ 
duced.  On  the  other  hand,  this  procedure  is  advantageous  as  it 
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keeps  the  variance  within  features  to  the  minimum  and  uses  the 
differences  between  seasons  as  additional  discriminators.  Af¬ 
ter  the  multi-temporal  classifier  is  statistically  constructed,  it  is 
then  ^plied  to  each  of  the  images  at  levels  II  and  III. 

3.  RESULTS 

Because  SAR  is  a  very  good  discriminator  of  the  major  level  I 
classes,  results  at  level  I  are  predictably  high:  99%  for  datatake 
22.2.  Because  classification  rules  were  the  same  for  both  April 
and  October,  all  types  of  classifications  achieved  the  same  re¬ 
sults  at  this  rudimentary  stage.  In  all  classifications,  accuracies 
are  determined  from  independent  samples  from  the  test  stands. 

The  level  II  classification  accuracy  was  affected  by  season. 
In  all  classification  methodologies,  the  April  scene  has  slightly 
poorer  results.  This  is  likely  due  to  the  combination  of  decidu¬ 
ous  trees  with  no  leaves  being  confused  with  sparsely-needled 
conifers  (jack  pine)  as  well  as  SAR  interaction  with  the  snow- 
covered  ground. 


Table  2:  Level  II  Multi-Temporal  Classification  Results; 
Datatake  22.2  -  Training 


True 

Class 

Classed  As 

surface 

short 

veg 

upland 

conifer 

lowland 

conifer 

deciduous 

surface 

100 

0 

0 

0 

0 

short 

veg 

0 

99 

1 

0 

0 

upland 

conifer 

0 

0 

98 

0 

2 

lowland 

conifer 

0 

0 

0 

96 

4 

deciduous 

0 

0 

0 

7 

93 

Table  3:  Level  II  Multi-Temporal  Classification  Results: 
Datatake  22.2  -  Testing 


TVue 

Class 

Classed  As 

surface 

short 

veg 

upland 

conifer 

lowland 

conifer 

deciduous 

surface 

100 

0 

0 

0 

0 

short 

veg 

0 

99 

1 

0 

0 

upland 

conifer 

0 

0 

94 

0 

6 

lowland 

conifer 

0 

0 

9 

85 

6 

deciduous 

0 

0 

4 

3 

93 

For  the  single-season  classifications,  accuracy  achieved  for 
the  October  scene  was  excellent  (95%)  but  not  as  good  (75%), 
for  April.  Using  the  same  rules  for  each  image  (pooled  classifi¬ 
cation),  proved  the  hypothesis  that  both  would  be  more  poorly 
classified  to  be  correct.  This  is  primarily  due  to  the  poorly-dis¬ 
tinguished  deciduous  class  from  April  which  lowered  the  accu¬ 
racies  of  the  upland  conifer  and  deciduous  classes  to  the  low  to 
mid  80%s.  The  multi-temporal  classification  did  comparable 
(94%),  overall,  to  that  for  October  alone.  It  should  be  noted, 
however,  that  each  misclassification  category  in  the  multi-tem¬ 
poral  case  is  less  than  the  worst-case  misclassification  in  Oc¬ 
tober.  Training  and  testing  results  are  given  in  Tables  2  and  3. 
Twice  as  many  features  were  used  in  the  multi-temporal  clas¬ 
sification  than  the  October  scene  alone;  as  mentioned,  further 
reducing  this  dimensionality  in  the  spectral  domain  is  expected 
to  increase  the  certainty  of  the  underlying  probability  density 
functions  and  likely  improve  classification  results. 

At  level  III  where  categories  are  at  the  community  and  spe¬ 
cies  level  and  further  subdivided  by  BA,  results  are  preliminary. 
Using  22.2  as  an  example,  level  III  accuracy  for  a  single  date 
is  71%  October.  Pooled  and  multi-temporal  classifications  are 
also  in  the  70%’s-90%’s. 

Results  to  date  in  classification  have  shown  the  multi-tem¬ 
poral  classifier  to  be  superior  to  either  of  the  others,  if  results 
across  all  seasons  are  considered,  in  meeting  both  the  objectives 
of  accuracy  and  transportability. 
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Abstract  -  This  paper  presents  an  multi-look  polarimetric  The  polarimetric  scattering  matrix  measured  by  a  polarimetric 
whitening  filtering  (MPWF)  method  to  reduce  the  image  speckle  SAR  consists  of  four  complex  elements.  For  a  reciprocal  medium, 
using  complete  multi-look  polarimetric  SAR  data.  The  amount  of  two  cross-polarized  terms  are  identical  [3],  and  the  polarimetric 

speckle  reduction  achievable  by  using  the  MPWF  is  quantified  fg^ture  vector,  y ,  has  only  three  unique  complex  elements.  In  a 

particularly  for  nonhomogeneous  scenes.  Experimental  results  with  ^ 

NASA/JPL  L-band  4-look  polarimetric  SAR  data  are  given  for  homogeneous  scene,  the  vector  is  usually  considered  as  having  a 

illustration.  With  the  class  separability  index,  we  show  how  the 

speckle  reduction  can  improve  the  terrain  classification  complex  Gaussian  distribution  [2]  with  a  covariance  D  =E[j;j;"  ], 
performance,  and  the  classification  results  with  the  speckle-reduced  superscript  H  refers  to  complex  conjugate  transpose, 

data  are  also  given.  Let  Y  be  the  multi-look  covariance  matrix  defined  as, 


INTRODUCTION 

It  is  well  known  that  coherent  SARs  produce  images  with 
considerable  speckle  [1].  With  the  availability  of  fully  polarimetric 
SAR  data,  there  is  the  possibility  to  reduce  the  image  speckle 
polarimetricly.  One  of  the  well-known  speckle  reduction  techniques 
that  use  fully  polarimetric  information  is  the  polarimetric  whitening 
filtering  (PWF)  proposed  by  Novak  and  Burl  [2].  This  method 
processes  elements  in  scattering  matrix  to  produce  three 
components  that  are  uncorrelated  and  have  equal  average  power. 
This  method  was,  however,  only  developed  for  application  in 
single- look  polarimetric  SAR  images.  For  data  compression  and 
preliminary  speckle  reduction,  the  polarimetric  SAR  data  are 
frequently  multi-look  processed.  The  multi-look  processing  makes 
it  impossible  to  directly  use  the  PWF  for  speckle  reduction  because 
no  equivalent  polarimetric  scattering  matrix  exits  for  the  average 
Stokes  or  covariance  matrix. 

In  this  paper,  we  present  an  optimal  processing  method,  named 
the  multi-look  polarimetric  whitening  filtering  (MPWF),  which 
utilizes  complete  multi-look  polarimetric  SAR  data  to  minimizes 
the  speckle,  and  investigate  how  the  speckle  reduction  affects  the 
performance  of  the  terrain  classification.  The  amount  of  speckle 
reduction  which  can  be  achieved  by  applying  the  presented 
algorithm  for  nonhomogeneous  clutter  regions  is  particularly 
quantified.  Experimental  results  with  the  NASA/JPL  airborne  L- 
band  4-look  polarimetric  SAR  data  are  provided  to  demonstrate  the 
algorithm.  Then,  the  effect  of  the  speckle  reduction  on  the  terrain 
classification  is  analysis,  and  the  classification  results  with  the 
speckle- reduced  data  are  also  given. 

POLARIMETRIC  MEASUREMENT  MODEL  AND 
MULTIPLICATIVE  SPECKLE  MODEL 


Y  =  ±yyy'' 

where  the  subscript  i  means  that  ^  is  the  i-ih  polarimetric  feature 

✓  f 


vector,  and  N  is  thus  the  number  of  looks. 

Speckle  in  the  coherent  SAR  imagery  is  caused  by  multi-path 
interference  of  coherent  waves  scattered  from  a  distributed  random 
scene.  It  has  long  been  regarded  as  being  a  kind  of  multiplicative 
noise  [1].  In  case  of  multi-look  polarimetric  SAR  data,  we  can 
approximately  expressed  the  multiplicative  speckle  model  in  the 
multi-look  covariance  matrix  domain  [4], 

Y  =  /X,  (2) 

where  X  is  the  multi-look  covariance  matrix  of  the  speckle,  t  is  the 
scalar  texture  variable  which  is  usually  assumed  to  obey  a  Gamma 
distribution  and  to  take  mean  one. 


OPTIMAL  SPECKLE  REDUCTION  IN  MULTI-LOOK 
POLARIMETRIC  SAR  IMAGERY 


We  now  combine  the  elements  of  the  multi-look  polarimetric 
covariance  matrix  Y  into  a  unitary  variable  by 

w  =  Tr[A  Y]  (3) 

where  Tr[  •  ]  is  the  trace  of  a  matrix.  Our  purpose  is  to  find  the 
optimal  matrix  that  leads  to  the  minimum  standard-deviation-to- 
mean  ratio  (s/m)  value  for  the  variable  w.  When  the  multiplicative 
speckle  model  is  considered,  substituting  (2)  into  (3),  we  express 
the  multi-look  polarimetric  processing  procedure  as, 

w  =  /Tr[AX].  (4) 

The  solution  for  minimizing  the  (s/m)  ratio  of  variable  w  can  be 
shown  to  be  [4] 

A  =  E"'- 

Matrix  A  is  a  whitening  matrix;  The  minimum-speckle  image  is 
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constructed  as 


w  =  Tr[s''Y]>  (6) 

this  is  the  MPWF  filtering  equation. 

QUANTIFICATION  OF  SPECKLE  REDUCTION 


From  (2),  we  can  express  the  {s/m)  ratio  of  variable  w  as 


where  and  X3  are  the  eigenvalues  of  the  matrix  (2A),  and 

2 

a=E  [/]/var[r]  is  the  nonhomogeneity  coefficient  of  the  scene.  For 
the  MPWF,  =^2=^3  ,  so  we  have  the  s/m  ratio. 


I’lie  above  expression  indicates  that,  the  less  fluctuation  (higher  a 
value)  the  scene  texture  has,  the  more  speckle  reduction  can  be 
obtained  by  applying  the  MPWF.  In  a  homogeneous  region,  the 
texture  variable,  t,  is  a  constant  indicating  that  the  nonhomogeneity 
coefficient,  a,  tends  to  be  infinite,  and  the  MPWF  has  capability  of 

reducing  the  image  speckle  by  a  factor^  (or  4.77  dB)  relative  to 
a  multi-look  single-polarization-channel  intensity  image.  This 
quantity  can  be  regarded  as  an  ideal  upper  bound  of  the  speckle 
reduction  using  the  MPWF. 

If  a  single-channel  intensity  image,  for  instance,  the  HH-intensity 
image,  is  separately  discussed,  the  s/m  ratio  is 


ocean  can  be  more  easily  differentiated  from  the  background,  and 
the  streets  in  the  city  area  are  made  more  recognizable. 

To  quantitatively  evaluate  the  MPWFs  performance,  we 
calculate  the  s/m  ratios  for  the  HH  and  the  MPWF  data  in  the 
testing  areas,  and  compare  the  experimental  measurement  with  the 
theoretical  prediction  for  the  MPWF.  With  (9),  the  s/m  ratios  of 
the  HH  data  are  used  for  approximately  estimating  the 
nonhomogeneity  coefficients  for  each  testing  area,  equation  (8)  is 
then  used  for  predicting  the  s/m  ratios  for  the  MPWF  data.  Table  I 
lists  the  calculating  results. 

The  MPWF  reduces  the  s/m  ratio  by  2.08  to  3.45  dB  relative  to 
the  4-look  HH  data.  These  results  are  less  than  the  ideal  theoretical 
value  (4.77  dB)  due  to  variations  of  the  texture  within  each  testing 
area.  The  measurements  of  the  speckle  reduction  by  using  the 
MPWF  agree  quite  well  with  corresponding  predictions.  The 
agreement  between  theory  and  experiment  is  within  5%  in  all  cases. 
The  effect  of  the  nonhomogeneity  of  the  scene  texture  on  the 
MPWF's  performance  is  also  confirmed  from  the  results  in  Table  I. 
That  is,  the  more  homogeneous  the  clutter  region,  the  higher 
quality  of  speckle  reduction  can  be  obtained.  For  instance,  the 
speckle  measure  is  actually  reduced  by  3.45  dB  (prediction  3.34  dB 
for  a  =3.13)  relative  to  the  4-look  HH-intensity  data  in  the  ocean 
area,  but  only  2.08  dB  (prediction  1.92  dB  for  Ot  =0.15)  in  the  city 
area. 

EFFECT  OF  SPECKLE  REDUCTION  ON 
TERRAIN  CLASSIFICATION 

To  understand  the  effect  of  speckle  reduction  on  the  terrain 
classification  and  to  further  evaluate  the  speckle  reduction,  we  first 
compute  the  separabilities  between  terrain  types  for  the  speckle- 
reduced  data.  The  separability  index  s  between  two  classes  Is 
defined  by  [5], 


(9) 


SPECKLE  REDUCTION  RESULTS  AND  DISCUSSIONS 


A  set  of  NASA/JPL  airborne  L-band  4-look  polarimetric  SAR 
data  acquired  over  San  Francisco  Bay  area  is  used  for  illustration. 
Fig.  I  shows  a  400x400  pixel  section  of  the  HH-intensity  image. 
Testing  areas  are  selected  for  three  kinds  of  terrain:  ocean,  park 
(forest-like),  and  city.  In  experiment,  we  assume  the  HV  return  is 
uncorrelated  with  the  HH  and  VV  returns.  A  5x5  moving  window 
centered  on  the  pixel  in  question  is  used  for  adaptively  computing 
Z,  and  the  MPWF-processed  image  is  multiplied  by  a  factor 
(a/j/2/3)  in  order  to  match  the  HH-intensity  image. 

Fig. 2  exhibits  the  MPWF-processed  image.  Compared  with  the 
HH  image,  the  MPWF  image  has  much  better  visual  effect,  distinct 
speckle  reduction  can  be  observed  in  both  the  ocean  and  the  park 
areas,  and  the  edges  between  streets  and  buildings  and  between 
different  features  are  well  retained;  The  tower  and  the  ships  in  the 


2  ,  2 

Oi  +ay 

where  ft  and  a  are  the  mean  and  the  standard  deviation, 
respectively.  It  has  been  previously  investigated  [5]  that  the 
quantity  of  the  separability  reflects  the  accuracy  of  a  Bayesian 
classification.  Table  II  gives  the  separabilities  of  three  class  pairs, 
ocean/park,  ocean/city,  and  park/city,  for  the  HH  data,  and  two 
sets  of  MPWF  data  processed  with  the  full  multi-look  polarimetric 
SAR  data  (MPWF  1  as  shown  in  Fig. 2)  and  with  only  three 
intensity  components  (MPWF  2,  not  shown).  These  results  sliow 
that  the  speckle  reduction  has  considerably  improved  the  class 
separabilities  for  all  class  pairs  discussed,  and  that  the  MPWF  1 
provides  higher  class  separabilities  than  the  MPWF  2.  Particularly, 
the  MPWF  1  image  can  be  expected  to  provide  much  better 
classification  accuracy  in  the  city  area  than  the  HH-intensity  image, 
since  the  class  separability  has  been  enhanced  about  45%  and  40% 
for  the  class  pairs  ocean/city  and  park/city,  respectively. 

Since  the  mean  values  of  both  sets  of  MPWF  data  are 
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approximate  to  that  of  the  HH-intensity  data,  the  improvements  in 
the  separability  index  are  essentially  resulted  from  the  decrements 
of  the  standard  deviation,  so  it  can  be  understood  that  the  speckle 
reduction  which  implies  the  decrement  of  the  standard  deviation  for 
the  mean-value-preserved  processing  algorithm  implicitly 
contributes  to  the  enhancement  of  the  separability  between  terrain 
types  and  therefore  to  the  improvement  of  the  classification 
performance. 

Next,  we  use  a  Gamma  distribution  model  to  construct  an  ML 
classifier  to  classify  the  speckled  and  the  speckle-reduced  images. 
Probabilities  of  correct  classification  estimated  in  the  training  areas 
are  given  in  Table  III,  and  the  maps  of  classifications  based  on  the 
MH-intensity  data  and  the  MPWF  1  data  are  shown  in  Fig. 3  and  4, 
respectively. 

The  results  of  the  terrain  classification  based  on  the  speckle- 
reduced  images  are  very  satisfactory.  The  MPWF  processing 
improves  the  total  classification  accuracy  by  over  7%  relative  to  the 
HH-intensity  image  when  using  complete  polar imetric  SAR  data, 
and  above  5%  when  only  the  intensity  data  are  used.  Particularly, 
the  probability  of  correct  classification  in  the  city  area  is  increased 
more  than  12%  and  9%,  respectively.  Visually,  it  is  also  clear  that 
the  classified  images  based  on  the  speckle-reduced  data  are  better 
than  that  using  the  single-polarization  intensity  data. 

CONCLUSIONS 

We  have  investigated  the  speckle  reduction  using  %  e  multi-look 
polarimetric  SAR  data  and  its  effect  on  the  terrain  classification. 
'Fhe  presented  MPWF  algorithm  has  been  quantified  particularly 
for  nonhomogeneous  regions.  The  experimental  results  with  the 
NASA/JPL  L-band  4-look  polarimetric  data  demonstrated  the 
effectiveness  of  the  MPWF,  the  actual  reduction  inspeckle 
ineasureby  using  the  MPWF  relative  to  the  multi-look  HH-intensity 


Table  I:  Speckle  reduction  results  and  comparison 


terrain 

type 

HH 

a 

prediction 

measurement  | 

s/m 

r(dB) 

s/m 

/•(dB) 

ocean 

0.64 

3.13 

0.44 

3.34 

0.43 

3.45 

park 

0.91 

0.85 

0.68 

2.47 

0.70 

2.28 

city 

1.88 

0.15 

1.51 

1.92 

1.48 

2.08 

Table  II:  Class  separabilities 


data  set 

ocean/park 

ocean/city 

park/city 

HH-int. 

0.84 

0.45 

0.36 

MPWF  1 

1.10 

0.65 

0.50 

MPWF  2 

1.04 

0.57 

0.44 

Table  III:  Probabilities  of  correct  classification 


data  set 

ocean 

park 

city 

total 

HH-int. 

93.75 

73.68 

69.03 

78.28 

MPWF  1 

96.65 

80.03 

81.19 

86.19 

MPWF  2 

95.10 

77.95 

78.58 

83.86 

data  was  shown  to  be  consistent  well  with  the  theoretical  prediction, 
Further,  the  analysis  of  class  separability  and  results  of  terrain 
classification  using  the  speckle-reduced  data  indicated  clearly  that 
the  speckle  reduction  does  help  improve  the  performance  of 
classification,  and  the  more  the  speckle  is  reduced,  the  higher 
classification  accuracy  can  be  obtained. 
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Fig.l:  HH-intensity  image  Fig. 2:  MPWF  image 


Fig.3:  Classification  of  Fig.l  Fig.4:  Classification  of  Fig.2 
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Abstract  -  Current  polarimetric  SAR  speckle  filtering 
algorithms  emphasize  speckle  reduction,  but  their 
preservation  of  polarimetric  information  and  the  statistical 
properties  between  channels  have  never  been  examined. 
This  paper  analyzes  the  existing  algorithms  for  their 
effectiveness  in  preserving  polarimetric  properties,  and 
proposes  an  algorithm  that  is  effective  in  both  speckle 
filtering  and  the  preservation  of  polarimetric  properties. 

INTRODUCTION 

Speckle  appears  in  intensity  and  also  in  phase  difference 
images  from  polarimetric  SAR.  It  causes  degradation  and 
makes  image  segmentation  and  scene  interpretation 
difficult.  Various  algorithms  has  been  proposed  for 
speckle  reduction.  The  Polarimetric  Whitening  Filter 
(PWF)  by  Novak  and  Burl  [1]  produces  a  single  speckle 
reduced  image  which  is  an  optimal  combination  of  all 
elements  from  polarimetric  SAR  data.  An  alternative 
implementation  of  PWF  for  obtaining  speckle  reduced  HH, 
HV  and  VV  images  has  been  developed  by  Lee,  et  al  [2]. 
They  also  proposed  two  other  algorithms  (i.e.,the  vector 
speckle  filter,  and  the  optimal  weighing  filter)  which 
produced  speckle  reduced  HH,  W  and  HV  images  [2], 
However,  noise  in  phase  difference  images  was  not 
filtered.  Goze  and  Lopes  (JEWA,  1993)  generalized  the 
vector  filtering  to  include  all  complex  components  of  a 
scattering  matrix.  Touzi  and  Lopes  (TGRS,  1994)  further 
generalized  it  for  the  polarimetric  covariance  matrix. 
Other  approaches  by  De  Grand!  (1992)  and  by  Lopes, 
Goze  and  Nezry  (IGARSS’92)  were  also  proposed.  Like 
Lee’s  approach,  all  these  algorithms  exploit  the  degree  of 
statistical  independencies  between  HH,  HV  and  VV 
channels.  The  statistical  correlations  between  channels  are 
altered,  and  the  polarimetric  properties  are  somewhat 
modified.  The  alteration  of  polarimetric  properties  by 
these  filters  is  experimentally  investigated. 

An  alternative  algorithm  is  proposed  based  on  the 
principle  of  spatially  filtering  of  each  channel  and  their 
phase  differences  independently.  This  eliminates  the 
possibility  of  cross-talk  introduced  by  the  existing 
algorithms.  In  order  to  retain  polarimetric  information 
along  feature  boundaries,  the  refined  Lee  filter  [4]  using 
edge-directed  windows  is  applied.  The  speckle  in  phase 
0-7803-3068-4/96$5.00©1996  IEEE 


difference  images  has  the  characteristics  of  additive  noise, 
and  its  noise  level  varies  with  the  degree  of  correlation[3]. 
Lee’s  adaptive  additive  noise  filter  is  applied.  ITie 
effectiveness  of  this  algorithm  in  speckle  filtering  and 
polarimetric  signature  preservation  is  demonstrated  using 
polarimetric  SAR  data. 

SPECKLE  FILTERING 

NASA/JPL  AJRSAR  P-Band  data  of  Les  Landes 
(MAESTRO- 1)  is  used  for  illustration.  Fig.  1(A)  shows 
the  HH  amplitude  image  of  256x256  pixels.  The  speckle 
level  of  this  4-look  polarimetric  SAR  imagery  is  effectively 
3.0  looks  due  to  the  averaging  of  correlated  single  look 
pixels.  The  optimal  weighting  filter,  the  vector  speckle 
filter  and  the  new  scheme  of  filtering  each  channel 
separately  are  applied  to  this  data.  The  PWF  is  excluded, 
since,  as  previously  mentioned,  it  only  produces  a  single 
speckle  reduced  image.  The  optimal  weighting  filter 
produces  speckle  filtered  HH,  HV  and  W  images  without 
using  spatial  averaging.  The  results  of  the  optimal 
weighting  filter  is  shown  in  Fig.  1(B).  The  speckle  has 
been  reduced  to  an  effective  6.2-look  processing.  Since  no 
spatial  filtering  is  used,  little  image  smear  is  observed. 
However,  variations  in  small  features  reveals  the  effect  of 
cross-talk  between  channels.  The  vector  speckle  filter 
explores  spatial  information  as  well  as  the  statistical 
independence  between  channels.  The  amount  of  filtering 
depends  on  the  input  parameter  of  estimated  speckle  level 
(standard  deviation  to  mean  ratio).  Less  filtering  action 
than  normal  has  been  used  in  the  processing  result  shown 
in  Fig.  1(C),  The  speckle  is  reduced  to  an  effective  8.4- 
looks.  The  cross-talk  is  less  a  problem  than  with  the 
optimal  weighting  filter. 

To  maintain  statistical  correlations  between  channels, 
the  refined  Lee  filter  is  applied  to  the  amplitude  of  each 
channel  separately.  The  result  shown  in  Fig.  1(D)  displays 
a  higher  speckle  filtering  capability  with  an  effective  19- 
look  processing,  and  also  retains  edge  sharpness.  Some 
minor  details  have  been  diminished,  because  they  are  near 
the  speckle  level.  The  phase  difference  image  has  the 
characteristics  of  additive  noise.  The  noise  standard 
deviation  is  a  function  of  the  magnitude  of  the  complex 
correlation  coefficient  between  the  channels.  A  phase 
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(A)  Original  HH  Image  (B)  Optimal  Weighting  Filtered 


(C)  Vector  Speckle  Filtered  (D)  Lee  Filtered  on  HH  Only 


Fig.  1  Results  of  applying  polarimetric  SAR  speckle  filters  to  NASA/JPL  AIRSAR  P-Band  Les  Landes 
scene.  Only  HH  polarization  components  are  shown  for  comparison.  The  image  has  256x256  pixels. 

difference  filter  can  be  developed  based  on  the  additive  polarization  signature  from  the  original  data  in  3-D  and 
local  statistics  filter  and  using  the  coherence  map  to  contour  plots,  respectively.  The  filtered  imagery  exhibits 

provide  the  noise  standard  deviation.  similar  3-D  plots,  but  minor  differences  are  displayed  in 

the  contour  plots.  All  three  filtered  images  have  nearly 
POLARIMETRY  PRESERVATION  identical  contour  plots.  The  degree  of  polarization  are  also 

examined.  We  find  that  all  filters  preserve  the  degree  of 
To  evaluate  the  preservation  of  polarimetric  information,  polarization  well.  The  difference  is  within  5%  of  the 
all  three  filtered  datasets  in  Fig.  1  are  combined  with  phase  original. 

differences  to  form  Stokes  matrices.  The  polarization  However,  the  difference  in  polarimetric  information 
signatures  (van  Zyl,  1987)  and  degrees  of  polarization  could  be  significantly  different  at  an  individual  pixel, 

fromthesefilteredimagery  are  compared,  inhomogeneous  especially  for  features  with  high  polarization  diversity, 

areas,  with  those  of  the  original.  The  preservation  of  This  is  expected  for  the  optimal  weighting  filter  and  the 

polarization  signatures  in  general  are  good.  Only  minor  vector  speckle  filter,  because  they  tend  to  introduce  cross¬ 
differences  are  observed.  An  example  is  shown  in  Fig. 2  talk  between  channels, 

for  a  forested  area.  Fig.  2(A)  and  2(B)  show  the  co- 
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Ettipticity  Oeg.  ,  Ellipticity  —  Deg. 


(A)  Co-polarization  signature  of  a  forested  area. 


(B)  Co-polarization  signature  using  the  original  data. 


(C)  Co-polarization  signature  using  the  filtered  data. 


Fig.  2  Comparison  of  co-polarization  signatures 
using  the  original  dataset  and  using  the  filtered 
dataset. 


STATISTICS  PRESERVATION 

Since  most  polarimetric  SAR  speckle  reduction 
techniques  exploit  the  degree  of  statistical  independence 
between  channels  and/or  between  neighboring  pixels,  the 
statistical  properties  are  altered.  It  has  been  demonstrated 
that,  based  on  a  circular  Gaussian  model,  the  multi-look 
polarimetric  covariance  matrix  has  a  complex  Wishart 
distribution[3].  If  it  is  desirable  to  maintain  this  statistical 
property  for  the  filtered  imagery,  the  following  items 
should  be  carefully  monitored:  1)  the  level  of  speckle 
filtering  should  be  the  same  at  all  three  channels,  2) 
correlations  between  channels  should  be  the  same  as  that  of 
the  original,  and  3)  the  level  of  speckle  reduction  of  the 
phase  differences  should  match  the  correlation  coefficients 
between  channels.  These  should  be  tested  in  homogeneous 
areas. 

In  general,  all  three  filters  showed  good  balance  in 
speckle  reduction  for  all  three  channels  as  judged  by  the 
standard  deviation  to  mean  ratios.  The  correlations 
between  channels,  however,  were  increased  significantly  by 
the  optimal  weighting  filter  and  the  vector  speckle  filter. 
Theoretically,  the  optimal  weighting  filter  produces  HH, 
HV  and  W  images,  and  they  are  100%  correlated.  The 
new  algorithm  of  filtering  each  channel  separately 
maintains  the  correlations  much  better. 

In  filtering  the  phase  difference  images,  the  level  of 
filtering  action  has  to  be  adjusted  to  match  the  correlation 
coefficient,  since,  under  the  circular  Gaussian  assumption, 
the  standard  deviation  of  the  phase  difference  is  directly 
related  to  the  correlation  coefficient  and  number  of 
looks[3]. 

CONCLUSION 

Polarimetric  SAR  speckle  filtering  algorithms  have  been 
analyzed  for  their  preservation  of  polarimetric  information 
and  statistical  properties.  A  new  algorithm  has  been 
proposed  that  is  effective  in  preserving  these  properties  and 
also  in  speckle  filtering. 
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Abstract  --  We  present  two  techniques  for  multiplicative 
noise  reduction  in  SAR  imaging,  based  on  Wiener  filtering. 
The  methods  take  into  account  the  speckle  correlation  and 
allows  a  drastic  speckle  reduction,  without  impairing 
geometric  resolution  and  preserving  edges. 

INTRODUCTION 

Synthetic  Aperture  Radar  (SAR)  is  an  imaging  system 
widely  used  for  remote  sensing  of  the  Earth.  It,  being  a 
coherent  system,  produces  images  affected  by  speckle  noise. 
This  phenomenon  gives  to  the  images  a  granular  appearance. 
From  the  mathematical  point  of  view,  the  effect  of  this 
interference  process  can  be  looked  at  as  a  noise  (speckle), 
with  exponential  probability  density  function  (pdf), 
multiplicative  to  the  ideal  (noise-free)  signal.  Unlike  usual 
multiplicative  noise,  it  is  not  only  signal  dependent  but  also 
spatially  correlated. 

Different  techniques  can  be  applied  to  reduce  speckle.  One 
usually  applied  in  SAR  applications  is  multilook  [1];  it  is 
based  on  incoherent  summation  of  independent  samples  of 
the  same  image.  Due  to  practical  impossibility  to  use 
different  full  resolution  independent  images,  a  certain  number 
of  lower  resolution  images  are  summed  up:  the  resulting 
image  exhibits  better  radiometric  resolution  and  worst 
geometric  resolution..  Other  speckle  reduction  techniques  are 
based  on  adaptive  filtering  [2]. 

In  this  paper  we  present  an  alternative  speckle  reduction 
technique  taking  into  account  speckle  correlation.  It  is  based 
on  Wiener  filtering  of  the  noisy  SAR  images.  We  propose 
two  techniques,  the  first  based  on  Wiener  filtering  of 
multiplicative  noise,  the  latter  on  Wiener  filtering  of  additive 
noise  obtained  after  an  homomorphic  filtering  of  the  SAR 
image  signal  [3].  As  well  known,  these  processes  require 
knowledge  of  the  power  spectra  of  the  involved  signals,  so 
that  autocorrelation  functions  of  the  noise  and  of  the  signal 
must  be  evaluated.  The  former  one  can  be  analytically 
computed  starting  from  a  mathematical  model  of  the  speckle, 
assumed  fully  developed.  On  the  contrary,  the  w^ted  signal 
autocorrelation  is  not  known;  this  lack  of  knowledge  can  be 
circumvented  by  applying  an  iterative  procedure  which  makes 
use  as  starting  point  the  autocorrelation  of  the  corrupted 
signal  instead  of  the  wanted  one. 

The  presented  methods  allow  drastic  speckle  reduction 
without  affecting  the  geometrical  resolution. 

THE  SPECKLE  MODEL 

The  intensity  of  the  SAR  image,  obtained  after  raw  data 
processing,  can  be  expressed  by  [4]: 


where  e(  )  is  the  noise  affected  intensity  of  image,  y{  )  the 
corresponding  noise-free  value  estimate  of  the  reflectivity 
pattern,  n(  )  the  multiplicative  noise  (speckle),  )  the 
additive  thermal  noise,  and  (jc,  r)  are  the  azimuth  and  range 
coordinates,  respectively.  It  has  to  be  noted  that,  after  the 
image  formation  process,  the  additive  noise  term  n^{  )  is 
negligible  compared  to  the  other  term  y(  )  -  n( ).  It  is  noted 
that  the  spatial  coordinates  of  the  image  are  sampled  in 
pixels. 

In  the  case  of  one  look  images,  affected  by  fully 
developed  speckle,  the  noise  n(  ),  supposed  to  be  stationary 
can  be  statistically  represented  by  the  pdf  [4]: 

(n)  =  exp[-n]  ,  n  >  0 .  (2) 

According  to  Eq.  (1)  the  conditional  pdf  of  the  image 
intensity 

z(  ),  respect  to  the  actual  intensity  y(  ),  is  given  by: 


/ziK(zly)  =  -exp| 


z,y>0.  (3) 


Indeed,  the  noise  autocorrelation  function  is  given  by  [1]: 


R„„(jc,  r)  =  E^n{x,  r)n*{x  +  x,  r+  r)]  = 


1  +  sinc^ 

X 

sinc^ 

r 

<Px  > 

^Pr)_ 

wherein  £[•]  represents  the  expected  value,  and  and  p^ 
iire  the  azimuth  and  range  spati^  resolutions,  respectively. 

According  to  Eq.  (5),  the  conditional  expected  value  is 
given  by: 


E[z\y]=^  jzfzM\y)dz  =  y.  (5) 

0 

The  purpose  of  filtering  out  the  speckle  noise  n( )  is  to  get  a 
new  SAR  image  5(  )  whose  conditional  expected  value  is 
equal  to  y(  ),  and  whose  conditional  pdf,  the  actual  intensity 
being  y(  ),  has  a  variance  as  small  as  possible.  The 
implementation  of  a  method  providing  what  above  required  is 
described  in  the  following  sections. 

WIENER  FESTERING 


z{x,  r)  =  y(x,  r)  n(x,  r)+njx,  r), 
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For  the  signal  z(  )  given  by  Eq.  (1),  neglecting  the 
’  additive  noise  n„(  ),  the  two  dimensional  Wiener  filter, 
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providing  the  MMSE  estimate  of  )>(•),  has  the  frequency 
domain  transfer  function: 


(6) 


where  S  rj)  is  the  cross-spectral  density  of  the  speckled 
image  z(*)  and  the  original  image  y(  ),  and  arc  the 

Fourier  mates  of  (jc,r).  For  the  derivation  of  and 

((^,  77)  we  first  evaluate 

R  y,  (x,  y)  =  ^[yCx,  r)z  *  (x  + 1,  r + 7)]  =  ^ 

=  E[n(x,r)]R^(x,r), 
and 

R,  (x,  y)  =  E[zix,  r)z\x  +  x,  r  +  r)]  = 

(o) 

=  Ry(xJ)R„(x,r\ 


Note  that  in  Eq.  (8)  we  have  assumed  the  noise  n(  ) 
uncorrelated  with  the  signal  y(  ) . 

By  using  the  Fourier  transform  of  (10)  and  (11),  and 
substituting  into  (6),  we  obtain  [5] 


r])  =  E[n(x,r)] 


p‘{4,  r])Sy{^,T]) 


(9) 


where  P(  )  is  a  convenient  window  function.  In  the  case  of 
fully  developed  speckle  E[n(x,  r)]  =  1. 

An  alternative  method  acts  on  the  signal  obtained  after 
performing  an  homomorphic  filtering  of  the  speckle  affected 
data.  In  this  case,  for  the  signal  z(  )  given  by  Eq.  (1), 
neglecting  the  additive  noise  n^(  ),  we  have  after  the  log 
transformation: 


z'  =  log[z]  =  log[y  •  n]  =  log[y]  +  log[n]  =  y'  +  n' .  (10) 


The  overall  output  of  the  system  is  given  by: 

s(x,  r)  =  y(jc,  r)  =  exp[y'(x,  r)],  (13) 

thus  restoring  the  multiplicative  nature  of  the  input.  For  the 
sake  of  simplicity  of  notation,  in  the  subsequent  analysis  we 
neglect  P(  )  and  P'(  )  appearing  in  Eqs.  (9)  and  (11). 

The  main  problem  to  be  solved  in  the  above  mentioned 
procedure  is  die  implementation  of  the  Wiener  filter.  The 
power  spectra  S„  (or  5„.)  of  the  noise  can  be  evaluated  as 
the  Fourier  transform  of  its  autocorrelation  functions 
computed  in  the  previous  section  (or  in  [3]).  The  power 
spectra  Sy  (or  Sy)  of  the  signal  to  be  estimated,  is  also 
required,  and  its  a  priori  estimate  is  not  usually  available. 

With  reference  to  the  scheme  based  on  the  homomorphic 
filtering,  the  evaluation  of  Sy  can  be  implemented  by  means 
of  an  iterative  procedure  [6],  shortly  described  in  the 
following.  We  consider  as  initial  estimate  of  Sy  the 
power  spectrum  of  the  original  speckled  signal  z': 

Sy,0)=S,.  (14) 


Then,  we  obtain  a  first  estimate  of  the  Wiener  filter: 


S,.+s_.  ’ 


(15) 


and,  consequently,  a  first  estimate  of  the  power  spectrum 
‘^y'd)  ^(1)  through 

(16) 

Now,  the  power  spectrum  of  is  used  to  calculate 
so  on.  At  the  k-\h  step,  we  get: 


^r{k-\) 


(k) 


(17) 


The  noise  is  now  represented  by  the  additive  term  n'(  ), 
which  we  assume  to  be  uncorrelated  to  the  signal  y'(  ) .  We 
assume  the  involved  signals  to  be  samples  of  zero  mean 
stationary  processes,  or  they  are  set  in  this  condition  by 
subtracting  the  corresponding  mean  values  [5].  Then,  the 
Wiener  filter  that  provides  the  MMSE  estimation  of  the 
signal  y'(  )  is  given,  in  frequency  domain,  by  [5]: 


■5/(1.  r?) 


(11) 


wherein  v)  R)  ^0  the  power  spectra  of  the 

wanted  yi[  )  and  of  the  noise  n'(  )  signals,  respectively, 
P'( )  is  a  convenient  window  function,  and  *  denotes  the 
complex  conjugate. 

At  the  output  of  the  Wiener  filter  we  have: 

s'(x,  r)  =  y'(JC,  r)  =  z'(x,  r)  (8)  w(x,  r)  ,  (12) 


where  w(  ),  is  the  inverse  Fourier  transform  of  W(  ),  0  is 
the  two-dimensional  convolution,  and  y'(*)  is  the  MMSE 
estimation  of  y'(  ). 


Above  introduced  procedure  is  convergent.  [6]. 

The  final  step  of  the  proposed  speckle  filtering  method 
consists  of  multiplying  the  final  iteration  (the  /T-th)  of  the 
Wiener  filter  by  the  Fourier  transform  Z'  of  the 
original  speckled  signi  z'.  The  result  of  this  operation,  after 
an  inverse  Fourier  Transform  and  after  taking  the 
exponential,  provides  the  desired  speckle  filtered  estimation 

y  (A^)* 

A  similar  procedure  is  under  study  in  order  to  iteratively 
estimate  the  unknown  power  spectrum  Sy . 

RESULTS 

The  simulated  intensity  image  of  an  hypothetical  scene 
characterised  by  a  backscattering  coefficient  that  assumes  4 
different  values  is  considered.  The  speckle  free  image  y  and 
the  corresponding  speckle  affected  one  z  are  depicted  in 
Figs.  1  and  2,  respectively.  The  image  y  shown  in  Fig.  3  is 
evaluated  assuming  the  power  spectrum  of  the  image  to  be 
estimated  y  to  be  known  and  using  the  Wiener  filter  (9). 


1578 


This  represents  the  best  reconstruction  that  can  be  obtained 
and  can  be  used  for  reference  purposes.  The  normalized  mean 
square  error  (NMSE)  between  the  reconstructed  image  and 
the  ideal  one  is  -27  dB.  The  image  shown  in  Fig.  4  has  been 
obtained  using  the  one-shot  homomorphic  filtering,  assuming 
known  the  power  spectrum  of  y ;  in  this  case  we  obtain  an 
NMSE  of  -25  dB,  a  value  slightly  lower  than  the  one 
obtained  in  the  previous  case,  as  expected.  The  image 
result  of  the  homomorphic  iterative  procedure  Jifter  30 
iterations,  is  shown  under  Fig.  5.  The  NMSE  is  -20  dB, 
slightly  different  from  the  one  (-25  dB)  appropriate  to  the 
ideal  (best)  case.  In  Fig.  6  the  behaviour  of  the  NMSE  with 
the  number  of  iteration  is  shown. 


Fig.  1:  Simulated  ideal 
(noise -free)  image 


Fig.  2;  Simulated  speckled 
image 


Figure  3:  Image  obtained  using  multiplicative  Wiener  filter 


Fig.  A’.One-shot 

homomorphiC’Wiener 
filtered  image 


Fig.  5:  Iterative 

homomorphic-Wiener 
filtered  image 
after  30  iterations 


Fig.  3,  320  for  the  image  of  Fig.  4,  and  72  for  the  image  of 
Fig.  5.  Then,  according  to  the  ENL,  the  method  exhibits  very 
promising  performance.  The  behaviour  of  the  ENL  vs.  the 
number  of  iterations  is  plotted  in  Fig.  7. 


Figure  6:  Behaviour  of  the  normalised  mean  square  error 
(NMSE)  in  the  iterative  homorphic  method  v.y.  the 
number  of  iterations 


Figure  7:  Behaviour  of  the  ENL  in  the  iterative 
homomorphic  method  vs.  the  number  of  iterations 
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As  far  as  radiometric  resolution  is  concerned,  a  proper 
quality  measure  is  the  ENL,  that  assumes  the  following 
values:  0.999  for  the  image  of  Fig.  2,  363  for  the  image  of 
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Abstract—  In  this  paper  we  consider  a  statistical  model  for  interfer¬ 
ometric  SAR  images  accounting  for  both  the  non-Gaussian  statistics 
of  the  amplitude  probability  density  function  and  for  the  most  cred¬ 
ited  model  for  the  interferometric  phase  distribution.  At  the  basis  of 
the  model  is  the  inapplicability  of  the  central-limit  theorem  for  res¬ 
olution  cells  composed  by  a  non  deterministic  number  of  scatterers. 
Experimental  results  carried  out  on  both  single-pass  and  repeat-pass 
interferometric  data  show  a  veiy  good  agreement  between  the  theo¬ 
retically  derived  phase  probability  density  function  and  the  measured 
one. 

I.  Introduction 

Interferometric  Synthetic  Aperture  Radar  (INS  AR)  system  is 
based  on  the  acquisition  of  data,  related  to  the  same  area,  from 
two  spatially  separated  antenna  systems.  The  data  acquisition 
can  be  achieved  by  using  either  two  antennas  physically  located 
on  the  same  platform  (single-pass  interferometry)  or  via  repeat¬ 
ed  passes  of  the  same  sensor  on  two  nearly  parallel  trajectories 
(repeat-pass  interferometry).  As  a  consequence  of  the  separa¬ 
tion  between  the  two  antennas,  the  phase  difference  between 
the  data  pairs  contains  information  about  the  surface  height. 
The  phase  measurements  accuracy  is  limited  by  several  spuri¬ 
ous  contributes  acting  as  decorrelation  sources  for  the  phase  at 
the  two  sensors.  The  most  important  perturbation  forms  are  the 
spatial  decorrelation  arising  when  a  resolution  cell  is  viewed 
at  two  different  angles  and  the  temporal  decorrelation  due  to 
the  change  of  the  surface  properties  over  the  time  period  be¬ 
tween  the  acquisitions  [1].  At  the  basis  of  both  phenomena  is 
the  concept  of  coherent  interference  occurring  inside  the  sin¬ 
gle  resolution  cells.  Since  the  cell  size  is  much  greater  than 
the  wavelength  of  the  incident  radiation,  the  overall  backscat- 
tered  field  is  given  by  the  coherent  sum  of  a  large  number  of 
contributes  having  random  amplitude  and  phase.  Spatial  decor¬ 
relation  arises  since  different  observation  angles  imply  different 
interference  patterns.  Temporal  decorrelation  is  more  difficult 
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Fig.  1.  Geometry  of  interferometric  SAR 

to  infer  and  is  not  easily  predictable  in  advance.  Roughly  s- 
peaking,  we  can  assume  that,  if  the  surface  properties  remain 
nearly  unchanged  during  the  two  acquisitions,  time  lags  and 
space  lags  produce  similar  effects. 

We  introduce  in  this  paper  a  statistical  model  for  the  phase 
process  based  on  the  limit  relationship  between  the  random 
walks  with  stochastic  number  of  steps  and  the  compound- 
Gaussian  processes.  The  model  stems  from  the  statistical  mech¬ 
anisms  incurring  among  the  particles  at  a  subresolution  scale 
and  is  capable  to  account  for  the  most  credited  modulus  statis¬ 
tics  [2]  as  well  as  for  the  phase  distributions  [3],  It  turns  out 
that  the  phase  statistics  are  completely  determined  by  the  sur¬ 
face  intra-pixel  characteristics  while  they  are  independent  on 
the  slowly  varying  characteristics  of  the  image  texture. 

Theory 

Let  us  consider  an  INSAR  system  with  the  geometry  of  Fig.  1 
where  the  two  antennas  Ai  and  Az  illuminate  the  resolution  cell 
with  azimuth-range  center  coordinates  (xk^yk),  at  incidence 
angles  9i  and  Oz  respectively. 

It  is  usual,  for  natural  scenes,  to  represent  the  received  signal 
as  the  sum  of  a  great  number  of  contributes  from  the  scattering 
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centres  within  the  resolution  cell  [4].  Following  this  model,  if 
the  dimensions  of  the  scatterers  are  small  in  terms  of  the  cell  size 
but  large  with  respect  to  the  incident  wavelength,  the  complex 
signal  at  the  fth  antenna  can  be  stated  as  a  two-dimensional 
random  walk,  i.e. 

Ni(xk,yk)  Ni(xk,yk) 

7ii^k,yk)=  ^  Xin-^jYin  (1) 

n  =  l  n  =  l 

where  a^n  is  the  amplitude  of  the  signal  backscattered  from 
the  nth  scatterer,  <f)in  is  the  corresponding  phase  assumed  to  be 
independent  of  a^n  and  Ni{xk,yk)  is  the  number  of  scatterers 
(steps  of  the  random  walk)  which  contribute  to  the  field  reirradi¬ 
ated  by  the  resolution  cell.  The  joint  statistical  characterization 
of  7i  (x,  y)  and  72 (^)  y)  requires  a  more  accurate  specification 
of  the  statistics  of  the  single  terms  appearing  in  the  above  sum- 
s.  The  first  reasonable  assumption  is  to  consider  the  scatterers 
as  randomly  positioned  in  the  resolution  cell;  this  entails  that 
each  sequence  U2n}ni\^  {<hn)nl\ 

composed  of  independent  and  identically  distributed  random 
variables.  On  the  other  hand,  since  each  scatterer  is  observed 
at  two  slightly  different  viewpoints,  some  degree  of  correlation 
is  expected  between  the  complex  variables  {X\„  +  jYin)  and 
{Xin  +jY2n)  (see  (1)).  Such  a  correlation  is  accounted  through 
the  covariance  matrix  K  given  by 


contributes,  say,  diverges;  this  is  in  agreement  with  the  previ¬ 
ous  hypothesis  of  radar-cell  size  much  greater  than  the  scatterer 
size.  It  is  possible  to  demonstrate  that  the  joint  characteristic 
function  of  71 , 72  can  be  cast  in  the  form  [5] 

®^.72  ^  (u^5Ku)  ]  (3) 

where  u  =  (ui,  M2,  M3,  M4),  K  is  the  previously  defined  co- 
variance  matrix,  E(-)  denotes  expectation  and  5  is  a  real,  non 
negative  random  variable  whose  cumulative  distribution  func¬ 
tion  is  defined  through  the  limit 

=  (4) 

Equation  (3)  can  be  regarded  as  the  characteristic  function  of 
the  product 

VS{gu92)  (5) 

where  (91,92)  are  complex  Gaussian  variables,  independent  of 
S,  with  zero  mean  and  covariance  matrix  K.  The  model  (5) 
has  several  interesting  properties  and  is  often  referred  in  the 
literature  to  as  compound-Gaussian  model. 

As  viewed  by  the  two  sensors,  the  scene  is  described  by  the 
stochastic  reflectivity  patterns  71  (x,  y)  and  72 (x,  y);  projecting 
into  the  SAR  system  geometry,  the  complex  images  are  given 
by  the  expression  [6] 


(1  0  Pc  Ps  ^ 

K  =  (t^  ®  ^  (2) 

Pc  -ps  10 

\  Ps  pc  0  1  / 

where  is  the  common  variance  of  the  variables  Xxn^Yxn. 
X2n^Y2n  assumed  to  have  zero  mean,  pc  is  the  correlation 
coefficient  of  the  components  (XinyX2n)  and  of  (Yin,  Yin) 
and  Ps  is  the  cross-correlation  coefficient  of  Xin,Yjn  i,j  = 
1,2;  i  7^  j.  Note  that  the  real  and  imaginary  part  of  the 
signal  at  each  antenna  have  been  assumed  as  incorrelated:  this 
is  the  result  of  the  underlying  hypothesis  of  circular  simmetry 
of  the  quadrature  component  of  the  received  process.  Some 
observations  are  now  in  order  about  the  number  of  interfering 
elements  Ni  (xk ,  yk)  and  Niixk ,  yk)-  When  A\  is  close  to  Ai, 
the  reirradiating  scatterers  are  expected  to  be  the  same  so  we 
can  set  Ni{xk,yk)  =  N2(xk,yk)\  conversely,  as  the  distance 
between  Ai  and  A2  increases,  or  as  a  time  decorrelation  is  to 
be  accounted,  Ni  is  to  be  actually  different  from  N2.  In  this 
case,  a  birth  and  death  process  can  be  considered  as  a  model 
ruling  the  appearence  and  disappearence  of  scatterers  and  some 
decorrelation  between  N\  and  Ni  will  arise.  We  consider  in 
this  paper  the  case  N\  =  N2  leaving  to  further  studies  the  case 
Ni  7^  N2, 

Under  such  hypothesis  it  is  possible  to  evaluate  the  join- 
t  statistics  of  (7\{xkyyk)n2{xk,yk))  as  the  mean  number  of 


Ii(x\y')=  JJ  Ji(x,y)txp(~j2kri(y))h(x'-x,y'-y)dxdy 

(6) 

where  k  =  2w/X  r,  (y)  is  the  range  from  the  fth  antenna  to 
the  scattering  point  and  /i(x,  y)  is  the  system  impulse  response 
function  (IRF).  We  assume  now,  as  usual,  that  the  system  IRF  is 
significantly  different  from  zero  inside  the  resolution  cell  only 
and  we  rewrite  the  integral  (6)  as  the  sum  of  W(x  J, ,  yj, )  integrals 
each  one  extended  to  the  area  ARn  of  the  single  scattering 
element  within  the  resolution  cell 


^«(4. 2/|fe)=  exp(-i21;n(yj,)) 

JvK.yl.)  ..  (7) 

Y]  //  ■yi{x,y)h{x'^-x,i/J:\-y)dxdy. 

Note  that  in  eq.  (7)  the  reflectivity  pattern  7,  includes  the  over¬ 
all  stochastic  properties  of  the  oberved  surface  depending  on 
both  the  electromagnetic  and  roughness  characteristics.  In  oth¬ 
er  words,  it  also  includes  the  rapidly  varying  component  usually 
embedded  into  the  term  r*  (y)  of  the  complex  exponential  in  (7). 
Consequently,  2fcr,  (y)  is  a  smooth  function  into  the  resolution 
cell  whose  value  can  be  taken  coincident  with  the  cell  center 
range.  We  also  observe  that  the  integral  in  the  above  equa¬ 
tion  represents  the  complex  reflectivity  of  the  single 

scatter  including  the  sensor  characteristics.  For  the  points  ly¬ 
ing  inside  the  region  ARn  the  sensor  IRF  can  be  approximated 
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Fig.  2.  ERS-1  SAR  amplitude  image  of  the  Campania  region,  Italy: 
area  under  test  marked  with  a  rectangle. 

by  a  constant  value  which  acts  as  a  gain  term  for  the  complex 
reflectivity. 

Interestingly,  since  the  sensor  IRF  is  a  real  function,  the 
phases  of  the  singles  scattering  terms  are  not  affected  by  the 
sensor  characteristics.  Using  (7),  (1)  and  (5)  we  obtain 

=  l7i(4.3/Ifc)llT2K.2/fc)l 

(8) 

,  yj:))  exp(-i2fe(ri  {x'^,  y[)  -  r2(4,  y*)) 


where  A0  is  the  phase  of  71 72 .  The  above  equation  clearly 
shows  that  the  overall  phase  is  given  by  the  sum  of  the  inter¬ 
ferometric  component  2k{r\ ,  t/J.)  -  containing 

the  height  information  and  a  random  component  due  to  the 
surface  roughness.  This  is  exactly  the  differential  phase  of  the 
product  \/S{g\ ,  gz)  we  introduced  in  (5).  Interestingly,  since  S 
is  a  real-values  random  variable,  the  probability  density  func¬ 
tion  (pdf)  of  A(^(x,  y)  depends  on  the  covariance  matrix  of  the 
Gaussian  component  only  which,  for  one-look  processing  is 
given  by  [7] 


1  -  \P?  1 

27r  1  —  |/)pcos^(a;  —  V’) 

_  \p\  cos(x  —  V’)arccos(— IpI  cos(a;  —  i/>)) 
(l-jp|2cos2(ar-^))‘/2 


(9) 


where 


P  =  = 


E[gi92]  _ 


E[\gimM 


=  Pc-  3P, 


(10) 


Fig.  3.  ERS-1  SAR  interferometric  image  of  the  Campania  region, 
Italy:  area  under  test  marked  with  a  rectangle. 

Some  remarks  are  in  order.  First,  the  phase  pdf  is  the  same  as 
the  one  derived  by  other  authors  [8,9]  but  it  does  not  require 
the  complex  reflectivity  to  be  modelled  as  a  Gaussian  process. 
Second,  the  amplitude  image  pdf  is  ruled  by  the  distribution  of 
the  random  variate  S  and  is  compatible  with  some  well  known 
models  such  as  the  K  pdf,  the  Weibull  pdf,  the  Generalized 
Gamma  pdf  [10]. 

Analysis  of  the  interferometric  data 

The  theoretical  distribution  of  the  random  additive  term  de¬ 
grading  the  interferometric  phase  can  be  validated  by  compari¬ 
son  with  the  statistics  estimated  from  real  data  sets.  According 
to  the  theoretical  model  developed  in  the  previous  sections,  the 
interferometric  phase  pdf  is  a  parametric  distribution  depend¬ 
ing  upon  the  values  of  |p|  and  V".  To  compare  the  experimental 
data  pdf  with  the  theoretical  one,  we  need  to  estimate  such  pa¬ 
rameters.  A  flat  and  homogeneous  area  is  necessary  in  order 
to  obtain  a  stationary  sample  and  to  avoid  a  bias  on  the  param¬ 
eter  estimates  due  to  topographic  variations.  Specifically,  we 
consider  two  different  data-sets  corresponding  to  the  cases  of 
single-pass  and  repeat-pass  interferometry.  The  data  of  the  first 
set  were  collected  by  the  AIRSAR  sensor  near  Matera,  Italy, 
while  the  second  set  refers  to  data  collected  by  the  ERS-1  sensor 
in  the  Campania  region,  Italy.  Both  sets  have  been  processed  to 
produce  single  look  complex  images.  The  ERS-1  SAR  image 
is  shown  in  Fig.  2  wherein  the  area  under  test  has  been  marked 
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TABLE  I 

Values  of  the  pdf  parameters  for  the  two  sensors 


ERSl 

AIRSAR 

IpI 

0.1739 

0.8852 

\pfit\ 

0.1807 

0.8763 

rj)  (rad) 

-1.788 

-1.301 

V’/it  (rad) 

-1.797 

-1.290 

with  a  rectangle.  The  corresponding  interferogram  is  reported 
in  Fig.  3,  where  the  flatness  of  the  examined  region  is  confirmed 
by  the  absence  of  fringes. 


Fig.  4.  Comparison  between  the  theoretical  pdf  and  the  estimated 
histogram.  Solid:  =  0.1739,  i)  =  —1.788,  circles:  ERSl  data, 

dot-dash:  =  0.8852,  ^  =  -1.301,  stars:  AIRSAR  data 

Fig.  4  shows  the  histograms  of  the  two  data-sets  compared 
with  the  pdf’s  corresponding  to  the  estimated  values  of  the 
parameters.  The  goodness  of  fit  has  been  confirmed  by  the 
evaluation  of  the  parameters  \pjit  \  and  ^fu  providing  the  best 
fit  between  the  theoretical  pdf  and  the  histogram:  results  are 
reported  in  Table  I,  showing  the  good  agreement  between  the 
experimental  values  of  modulus  and  phase  of  the  correlation 
coefficient  and  the  same  parameters  estimated  from  the  complex 
interferogram. 
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ABSTRACT 

The  presence  of  an  aerosol  layer  over  a  nonuniform  surface 
causes  the  blurring  effect  in  remotely  sensed  images. 

In  principle  from  the  study  of  this  effect  it  seems  to  be 
possible  to  evaluate  aerosol  properties. 

In  this  paper  an  aerosol  layer  superimposed  on  a  surface  with 
1-D  periodical  variation  in  reflectivity  and  with  half  plane 
reflectivity  variation  are  considered,  in  the  single  scattering 
approximation. 


INTRODUCTION 

The  presence  of  an  aerosol  layer  over  a  nonuniform  surface 
causes  the  radiance  from  the  high  reflectivity  area  to  spill  over 
the  adjoining  low  reflectivity  pixels,  increasing  their  apparent 
brightness. 

As  a  consequence  of  this  adjacency  effect  the  remotely 
sensed  images  appear  blurred. 

The  adjacency  effect  has  been  generally  studied  with  the  aim 
to  correct  the  remote  sensed  images [1-6,8],  only  few  studies 
adopted  an  inverse  approach,  deducing  from  the  blurring 
effect  aerosol  properties  [1,7,9]. 

Some  of  them  [l,5-7]considers  cases,  such  as  small-sized 
nonuniformity,  in  which  it  is  possible  to  introduce  an  average 
background  reflectivity,  approach  not  applicable  when  a 
surface  reflectivity  periodical  variation  is  considered. 

Other  studies  [2,3]  consider  a  general  radiance  diffused  by  the 
atmosphere,  path  radiance  Lp,  without  distinguishing  if  it  has 
or  not  previously  interacted  with  the  surface.  Others  [9] 
finally  do  not  considers  at  ail  the  radiance  scattered  from  the 
background  surface  of  the  observed  pixel. 

Under  the  following  hypotheses:  transparent  atmosphere  with 
an  aerosol  scattering  layer  of  infinitesimal  thickness  dh 
at  the  height  h  and  homogeneous  in  the  coordinate  x,y; 
single  scattering  approximation;  sensor  at  infinity  in 
nadiral  observation;  Lambertian  surfaces, 
a  1-D  surface  reflectivity  periodical  variation  and  a  “two- 
halves”  field  case  study  are  considered. 

For  both  the  cases  it  is  shown  how  to  deduce  the  height  h  and 
the  optical  thickness  dx  of  the  aerosol  layer  directly  from  the 
data  collected  by  the  sensor. 

The  radiance  directed  vertically  upward  and  detected  by  a 
sensor  moving  in  the  x  direction  and  observing  at  its  nadir  a 
given  pixel  is  given  by: 

Ls  =  TLj  +  La  +  Lb  ( 1 ) 


ground  (atmospheric  radiance);  Lb  is  the  radiance  that,  after 
being  reflected  by  the  background  surface,  is  scattered  by  the 
atmosphere  in  the  observed  pixel  field-of-view  (background 
radiance). 

Assuming  for  simplicity  that  the  aerosol  layer  is 
infinitesimal,  no  attenuation  is  considered  for  the  La  and  Lb 
terms. 

While  La  equally  affects  each  pixel  radiance.  Lb  is  strictly 
related  to  the  spatial  reflectivity  distribution,  then  only  the 
latest  is  responsible  of  the  adjacency  effect. 

Therefore  in  this  paper  the  attention  will  be  focused  only  on 
this  term. 

Following  the  approach  suggested  by  Otterman  and  Fraser 
[10],  the  analytical  expression  for  the  total  background 
radiance  affecting  an  observed  pixel  dA(x,y),  in  the  case  of  an 
aerosol  distribution  along  h,  is  here  given: 


Lb(x,y)  =  ‘ 


/ho(h)T 

h,h2 


dhx 


*1 


^  P(9)b(x',y')T 

xll: 


l/cOS(p 


(2) 


[h'"  +  (x-x')^  +  (y-y')"] 


2n3/2 


dx'dy' 


where  Eg  is  the  total  solar  irradiance  reaching  the  ground; 
b(x,y)  is  the  surface  reflectivity;  a(h)  is  the  aerosol  scattering 
coefficient  at  the  height  h;  P((p)  is  the  aerosol  scattering 
phase  function;  (p  is  the  angle  between  the  direction  of  the 
radiation  coming  from  the  surface  and  the  sensor  line  of 
sight,  and  where 


^  h  ^ 

o(h')dh’ 


l/coscp 


^h,,h 


exd 


-!c 

h, 


=  exri 


coscp 

V  y 

,2 


(3) 


^j-o(h')[h'V(x-x')^+(y-y')^]’^^dh'^ 

yh,  h'  J 


is  the  aerosol  transmittance,  in  the  (p  direction,  from  the 
ground  to  the  scattering  point;  finally 


where  TLj  is  the  attenuated  radiance  directly  coming  from  the  /  h, 

observed  pixel,  with  intrinsic  ground  radiance  L  ;  La  is  the  T^  b  =  exp  -  ic5(h’)dh' 
radiance  scattered  by  the  atmosphere  before  reaching  the  v  ^ 


(4) 
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is  the  vertical  aerosol  transmittance  from  the  scattering  point 
to  the  top. 

The  atmospheric  radiance  La  is  instead  given  by: 

La=EodTP(180°-eo)  (5) 

where  Eq  is  the  direct  solar  irradiance  and  0o  is  the  SZA. 

1-D  GROUND  REFLECTIVITY  PERIODICAL 
VARIATION 

A  single  infinitesimal  aerosol  layer  at  the  height  h, 
characterized  by  an  isotropic  scattering  phase  function 
P(9)=1/271,  normalized  to  one,  is  now  considered. 

Being  the  phase  function  isotropic  the  total  solar  irradiance 
reaching  the  ground  is  given  by: 

Eg  =  Eo[|aoexp(-dXo)+dx/7i:] ,  (6) 

where  Po=cos0o,  and  dxo=dx/cos0o. 

Let  b(x)=bo(l+cos(27i/A<)x)  be  the  surface  reflectivity 
assumed  to  be  known. 

Resolving  (2)  under  these  conditions  (it  should  be  noted  that 
now  the  problem  is  only  2-D),  the  total  background  radiance 
Lb  affecting  the  observed  pixel  dA  in  x  is  calculated: 

Lb(t)=bo(Eo/4)dx[poexp(-dXo)+dx/7i]  [  1  +exp(-27ck)cos(27tt)] 

(7) 

where  t=x/X,  and  k=h/A-. 

The  intrinsic  ground  radiance  Lj  is: 

Li(t)  =  bo(Eo/2)[poexp(-dXo)+dx/7r](i+cos(27Ct)).  (8) 

while  the  atmospheric  radiance  La  is: 

La:=:Eodx/27l.  (9) 

So  that  the  total  radiance  reaching  the  sensor  observing  the 
pixel  dA,  Ls,  is  (Fig.l): 

Ls(t)=  (Eo/2)  { bo[|ioexp(-dxo)+dx/7r]  { exp(-dx)(  1  +cos(27Ct))+ 
+(dx/2)[  1  +exp(-27ck)cos(27ct)] }  +dx/7c } ,  (10) 

From  the  mean  value  of  (10), 

L  ^  =  (Eo/2)  { bo[lLioexp(-dXo)+dx/7i:]  [exp(-dx)+dx/2]+dx/7i } , 

(11) 

it  is  possible  to  evaluate  the  aerosol  layer  optical  thickness 
dx;  and  once  dx  is  known,  from  the  amplitude  of  the  signal 
received  by  the  sensor, 

ALs=Ls  ,nax“Ls,niin=bo(Eo/2)[po^xp(-dXo)+dx/Tc]x 

x[2exp(-dx)+dxexp(-27ik)] .  (12) 


the  aerosol  layer  height  can  be  deduced  (Fig.  2). 


Fig.l.  1-D  ground  reflectivity  periodical  variation,  with  frequency  1/X:  total 
radiance  reaching  the  sensor  Ls  (-)  and  intrinsic  ground  radiance  Li  (-), 
normalized  to  the  solar  irradiance  Eo,  vs  the  dimensionless  variable  t=x/A,, 
for  different  values  of  the  dimensionless  parameter  k=h/A.,  (dT=0.1,  bo=l, 
|i()=0.99). 


Fig. 2.  1-D  ground  reflectivity  periodical  variation,  with  frequency  1/^: 
amplitude  of  the  signal  received  by  the  sensor  ALs,  normalized  to  the  solar 
irradiance  Eo,  vs  the  dimensionless  variable  k=h/X,,  for  different  values  of 
the  aerosol  layer  optical  thickness  dx,  (bo=l,  P()=0.99). 

“TWO-HALVES”  FIELD 

A  single  infinitesimal  aerosol  layer  at  the  height  h, 
characterized  by  an  isotropic  scattering  phase  function 
P((p)=l/47r,  normalized  to  one,  is  again  considered. 

Being  the  problem  now  3-D  (6)  becomes: 

Eg  =  Eo[Hoexp(-d'Co)+dT/2],  (13) 
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Let 


f  a  when  y<0  for  any  x 

b(x,y)=  ^ 

[  b<a  elsewhere 

be  the  surface  reflectivity. 

The  total  background  radiance  affecting  the  radiance  of  the 
observed  pixel  with  coordinates  (x,y)  is  given  by  the  solution 
of  (2)  under  the  above  conditions  : 

Lb(x,y)  =  (dT/27i)(E(/7i:)[|ioexp(-dxo)+dx/2]x 

x[(a+b)(7i/2)-(a-b)arctg(y/h)],  (14) 

The  intrinsic  ground  radiance  is: 

f  a(Eo/7i:)[poexp(-dXo)+dT/2],  when  y<0  for  any  x 

Li(x,y)  =  -!  (15) 

I  b(Eo/jt)[|Xoexp(-d'Co)+d'c/2],  elsewhere. 

The  atmospheric  radiance  is: 

La=Eodx/4jr,  (16) 

so  that  the  total  radiance  reaching  the  sensor  observing  the 
pixel  dA  is: 

Ls,y<o(x,y)=(Eo/7i){  [poexp(-dTo)+dT/2]  { axexp(-dx)+ 

+(dT/27i)[(a+b)(7i/2)-(a-b)arctg(y/h)]  }+dT/4 } 

(17) 

Ls,y>o(x,y)=(Eo/7i:)  { [|ioexp(-dXo)+dx/2]  { bxexp(-dx)+ 

+(dx/27r)[(a+b)(7i/2)-(a-b)arctg(y/h)] }  +dx/4} 

The  intrinsic  ground  radiance  appears  like  a  step  function. 

At  the  sensor  a  “stretching”  of  this  step  is  detected,  getting 
larger  with  the  increasing  of  the  aerosol  layer  height  h. 
Increasing  dx  the  amplitude  of  the  step  decreases.  Chosen 
a>b,  the  aerosol  optical  thickness  can  be  measured  from  the 
difference  between  the  radiance  detected  in  points  far  enough 
from  the  reflectivity  edge: 

Ls.y<o(“"=)-Ls.y>o(+‘^)=(a-b)(Eo/K)[|ioexp(-dXo)+dx/2]x 

x[exp(-dx)+dx/2]  (18) 

Once  dx  is  known,  the  layer  height  can  be  deduced  from  the 
radiance  reaching  the  sensor  from  an  area  belonging  to  the 
brightest  zone  of  the  field  . 

0 

jLs,y<()(y)dy=(Eo/7i){  [poexp(-dTo)+dT/2]  { axdxexp(-dT)+ 

+(dT/27:)[(Tt/2)d(a+b)+(b-a)[(h/2)log(l+(d^/h))+ 
+dxarctg(-d/h)]])+dxdT/4).  (19) 

CONCLUSION 

From  the  analyses  of  the  adjacency  effect  caused  by  an 


infinitesimal  aerosol  layer,  it  has  been  derived  that  the 
background  radiance  depends  on  the  reflectivity  variation  on 
the  ground,  on  the  distance  between  the  pixels  and  on  the 
aerosol  layer  height  and  optical  thickness. 

In  the  case  of  a  1-D  periodical  variation  of  the  ground 
reflectivity  it  has  been  observed  that  it  is  possible  to  obtain 
the  aerosol  layer  optical  thickness  from  the  mean  value  of  the 
radiance  detected  by  the  sensor;  hence,  the  layer  height  from 
the  amplitude  of  the  received  signal. 

In  the  case  of  the  ‘two-halves’  field,  it  has  been  seen  that  the 
aerosol  layer  optical  thickness  can  be  obtained  from  the 
difference  between  the  radiance  detected  in  points  far  enough 
from  the  reflectivity  edge;  hence,  the  layer  height  can  be 
measured  from  the  radiance  reaching  the  sensor  from  an  area 
belonging  to  the  brightest  zone  of  the  field. 

Next  steps  will  be  to  consider  a  more  appropriate  scattering 
function  which  better  approximates  the  forward  aerosol 
scattering  peak;  a  realistic  atmosphere;  and  a  2-D  variation  of 
the  ground  reflectivity. 
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Abstract-Because  of  its  off-nadir  viewing,  the  Advanced  Solid- 
State  Array  Spectroradiometer  (ASAS)  presents  a  new  chal¬ 
lenge  for  atmospheric  correction.  One  of  the  main  differences 
between  the  atmospheric  effect  on  nadir  and  off-nadir  observa¬ 
tions  is  the  adjacency  effect.  To  remove  the  adjacency  effect 
on  45°  viewing  ASAS  images,  we  extracted  a  first-order  ana¬ 
lytic  approximation  of  the  atmospheric  point  spread  function 
^SF)  using  the  relationship  between  the  physical  quantities 
and  the  geometry  of  the  sensor,  target  pixel  and  environmental 
pixel.  The  correction  results  by  a  Wiener  filter  based  on  the 
PSF  demonstrate  that  this  method  of  removing  the  adjacency 
effect  is  feasible  and  effective. 

INTRODUCTION 

Multiangle  remotely  sensed  data  provide  an  opportunity  for 
obtaining  quantitative  information  of  the  biophysical  charac¬ 
teristics  of  vegetation  and  albedo.  Angular  signature  informa¬ 
tion  in  multiangle  remotely  sensed  data  is  also  expected  to  be 
a  significant  component  of  improving  surface  cover  classifi¬ 
cation  and  characterization.  The  Advanced  Solid-State  Array 
Spectroradiometer  (ASAS)  [1]  was  designed  by  NASA/Goddard 
Space  Flight  Center(GSFC)  in  advance  of  the  EOS  era.  It 
is  able  to  track  and  image  a  target  site  through  a  discrete  se¬ 
quence  of  fore-to-aft  view  directions  from  45°  forward  to  45° 
aftward.  ASAS  has  acquired  digital  image  data  of  this  sort  for 
many  terrestrial  ecosystem  experiments.  But  a  key  to  further 
use  of  ASAS  images  is  the  removal  of  atmospheric  effects.  Be¬ 
cause  of  its  off-nadir  viewing,  atmospheric  correction  methods 
for  nadir  observations  aren't  suitable  for  ASAS  images.  One 
of  the  main  differences  between  nadir  remote  sensing  and  off- 
nadir  remote  sensing  is  the  adjacency  effect.  For  nadir  remote 
sensing,  the  adjacency  effect  depends  only  on  the  distance  of 
the  environment  pixel  from  the  object  pixel.  However,  in  off- 
nadir  remote  sensing,  the  effect  of  the  environment  pixel  on  the 
object  pixel  varies  with  both  the  distance  and  the  direction  be¬ 
tween  them.  In  this  paper,  we  present  a  new  method  to  derive 
the  first  order  analytic  approximation  of  the  atmospheric  point 
spread  function  (PSF)  and  design  a  Wiener  filter  to  remove  the 
adjacency  effect  on  ASAS  45°  viewing  images. 

THE  ADJACENCY  EFFECT 

Surface  remote  sensing  through  a  scattering  atmosphere  is 
subject  to  diffuse  illumination  into  the  sensor's  field  of  view 


(FOV)  of  radiation  originating  from  surface  regions  out  of  the 
line  of  sight.  This  phenomenon  is  known  as  the  adjacency  ef¬ 
fect  [2].  The  adjacency  effect  cannot  be  predicted  by  an  at¬ 
mospheric  model  based  on  the  assumption  of  a  uniform  sur¬ 
face  reflectance  [3].  It  can  be  computed  using  3-D  radiative- 
transfer  equations  for  the  coupling  the  atmosphere  and  Earth 
surface  system.  But  both  the  coupling  system  and  the  algo¬ 
rithm  are  very  complicated  and  extensive  numerical  computa¬ 
tion  is  needed.  Because  the  spatial  scale  of  the  effect  of  the 
multiple  bouncing  between  the  atmosphere  and  surface  is  be¬ 
yond  the  FOV  of  the  sensor,  we  don't  include  this  component 
in  the  adjacency  effect.  Thus  the  atmosphere  can  be  approxi¬ 
mated  as  a  linear  medium.  The  adjacency  effect  may  be  viewed 
as  a  convolution  of  the  radiation  field  reflected  from  the  surface 
with  an  atmospheric  PSF  whose  shape  depends  on  the  geome¬ 
try  of  atmospheric  single  scattering  from  target  toward  the  sen¬ 
sor. 

Vermote  et  al.  [4]  used  the  Monte  Carlo  simulation  method 
to  simulate  the  adjacency  effect  to  nadir  and  off-nadir  70°  ob¬ 
servations.  Their  results  indicated  that  for  nadir  remote  sens¬ 
ing,  the  atmospheric  PSF  was  azimuthally  isotropic,  but  in  off- 
nadir  remote  sensing,  it  was  azimuthally  dependent,  and  the 
contribution  of  the  background  in  the  direction  of  the  observer 
was  greater  than  others. 

DERIVING  THE  ATMOSPHERIC  PSF 

In  Fig.  1,  points  V,  O  and  P  represent  the  sensor,  target 
pixel,  environmental  pixel  respectively;  the  parallel  dashed  lines 
represent  the  sensor' s  FOV  with  a  width  of  2d;  0  is  view  zenith 
angle,  and  y)  and  r  describe  the  position  of  P  relative  to  O 
(azimuthal  angle  and  distance  respectively);  and  h  is  the  flight 
dtitude.  Due  to  the  atmospheric  scattering,  part  of  the  radiance 
from  P  is  scattered  one  or  more  times  and  intercepted  by  the 
FOV.  Here,  we  just  take  single  scattering  into  consideration  to 
obtain  a  first-order  analytic  approximation  of  the  atmospheric 
PSF. 

From  the  Fig.  1,  we  see  that  only  those  photons  reflected  to 
the  directions  into  the  cylinder  surrounding  the  axis,  OV,  can 
directly  enter  the  FOV,  which  is  determined  by  the  solid  angle 
Q  subtended  at  P  by  the  FOV.  Here  we  use  a  to  approximate 
n.  The  calculation  of  a  is  as  follows. 

cos  /?  =  sin  ^  •  cos  f  (1) 

=  (2) 
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some  characteristics  of  the  observed  surface. 

Secondly,  we  select  the  best-fit  model  based  on  the  RMSE 
for  every  data  set  and  calculate  the  correlation  coefficient  be¬ 
tween  the  modeled  and  the  measured  values.  For  most  data 
sets,  the  correlation  coefficient  is  over  0.8  and  the  RMSE  is 
smaller  than  0.043,  which  indicates  a  reasonable  agreement 
between  the  modeled  and  observed  values.  Fig.  1  shows  the 
reflectances  in  the  principal  plane  in  the  NER  for  some  land 
covers,  where  the  points  represent  the  measured  data  and  the 
solid  lines  are  the  modeled  data.  These  data  sets  have  hotspots, 
as  for  field  and  wheat,  and  bowl  shapes,  such  as  hardwood, 
demonstrating  that  the  models  can  fit  hotspots  and  bowl  shapes 
well. 

Lastly,  we  compare  the  best-fit  model  for  every  data  set  with 
other  semiempirical  models,  such  as  Roujean's  model  [1]  and 
Rahman's  model  [3].  In  Fig.l,  dashed  lines  are  for  Roujean's 
model  and  the  dash-dotted  lines  for  the  Rahman  model.  From 
the  plots,  we  can  note  that  our  models  fit  better  than  the  other 
models,  especially  for  the  dense  hardwood  canopy. 

CONCLUSION 

In  this  paper,  we  evaluated  the  ability  of  linear  kernel-driven 
semiempirical  models  developed  for  use  with  MODIS/MISR 
data  to  provide  adequate  mathematical  descriptions  of  the  aniso¬ 
tropic  reflectance  of  a  variety  of  natural  surfaces.  The  results 
show:  1)  different  land  cover  types  prefer  different  models; 
2)  our  models  can  fit  a  large  variety  of  vegetation  canopies 
well  and  they  fit  better  than  other  semiempirical  models,  es¬ 
pecially  for  dense  forest  canopies.  This  is  partially  due  to  the 
fact  that  they  are  based  on  ellipsoidal  crown  shapes  and  the 
shadow  overlapping  mechanism  is  modeled  realistically.  The 
fit  quality  can  presumably  be  further  improved  by  reducing  the 
effect  of  outlier  data  on  the  inversion  results  by  giving  the  ap¬ 
propriate  Wj  in  (1),  and  by  considering  more  realistic  multiple 
scattering  in  the  models. 
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INTRODUCTION 

Satellite  images  are  used  for  lineament  analysis  ,  texture 
analysis  and  spectral  analysis  in  geology.In  order  to 
analyze  an  image,  we  should  be  care  to  the  quality  of 
image.  Unfortunately,  digital  images  often  include  the 
noise  and  the  effect  of  noise  is  frequently  eliminated 
from  original  images  using  digital  smoothing  filter  filter 
of  intensities  between  the  neighboring  pixels.  As  pre¬ 
processing  step  commonly  used  edge  preserving  noise¬ 
smoothing  filter  for  noise  reduction.  But,  most  of 
current  digital  smoothing  filters  produced  blur  image 
and  eliminated  the  interest  features. 

For  examples,  two  of  edge  preserving  noise-smoothing 
filter  (averaging  and  median)  have  powerful  noise 
reduction  in  homogenous  areas  but  tend  to  distort  edges 
in  form  of  blurring,  over  enhancement  or  boundaries 
distortion.  Nagao  and  Matsuyama's  edge  preserving 
noise-smoothing  filter  is  able  to  remove  the  noise 
without  destroying  the  details  region  boundary  but 
sometimes  eliminate  the  interest  features  such  as  river, 
subtle  structure,  fault  and  others. 

To  avoid  these  problems,  my  research  focus  on  an 
evaluation  method  in  order  to  obtain  the  best  quality  of 
images  and  the  biggest  quantitatively  calculated  of  pixel 
numbers  of  correct  detected  edge  (signal)  and  the  lowest 
quantitatively  calculated  of  pixel  numbers  of  false 
detected  edge  (noise)  through  comparison  four  different 
kinds  of  edge  preserving  noise-smoothing  filter 
techniques.  Approximation  method  of  edge  preserving 
noise-smoothing  filter  have  characteristics  as  follows: 
enhance  subtle  structure,  edge  preserving,  and  noise 
cleaning  in  homogenous/heterogenous  areas  without 
distortion  of  edges,  keep  topographic  features  and 
produce  unblur  image. 

EDGE  PRESERVING  NOISE  -  SMOOTH-ING 
FILTER 

Edge  preserving  noise-smoothing  techniques  are  a  class 
of  non-linear  noise  cleaning  filters.  These  algorithm  have 
been  proposed  to  reduce  the  effect  of  random  noise. 
That  filters  also  share  the  simplicity  of  local  operation 
and  selective  use  of  neighboring  pixels  in  order  to 
approximate  the  ideal  image.  Before  starting  a 
discussion  of  qualitative  and  quantitative  evaluation,  I 
present  a  brief  description  of  the  algorithm  of  edge 
preserving  noise-smoothing  filter  as  follows  : 

A.  AVERAGING  FILTER 

It  is  interesting  to  consider  of  linearly  weigthed  (i.e. 
weght  is  equal  to  1)  neighbors  averaging  for 
comparison  purposes,  in  non-linear  methods  of  noise 
reduction.  If  the  noise  in  an  image  appears  as  random, 


uncorrelated  and  additive  error  that  can  be  reduced  by 
replacing  of  various  greylevel  with  local  average. 

B.  MEDIAN  FILTER 

Median  filter  is  almost  similar  with  the  averaging  filter  in 
that  it  uses  the  local  median  instead  of  local  mean.  The 
median  over  a  local  neighborhood  does  not  respond  to 
an  edge,  but  it  is  very  sensitive  to  extreem  values  and  it 
can  be  concerned  to  the  results  confirm  its  basic 
characteristics  in  order  to  edge  preservation  and  noise 
reduction. 

C.  NAGAO  AND  MATSUYAMA’S  EDGE  PRESER 
-VING  NOISE  -  SMOOTHING  FILTER 

Their  filter  proposed  edge  preserving  noise-smoothing 
filter  using  nine  elongated  bar  mask  arround  the  point 
instead  of  five  rectangular  masks.  Their  filter  can 
smooth_out  the  noise  from  an  image  by  averaging 
greylevel  of  the  minimum  variance  area  and  their  filter 
reportedly  that  their  filter  remove  the  noise  without 
destroying  the  detail  of  region  boundary. 

D.  DEVELOPMENT  OF  EDGE  PRESERVING 
NOISE-SMOOTHING  FILTER 

This  method  is  similar  to  median  and  averaging  filter  in 
that  it  uses  the  local  median  instead  of  the  local  mean  of 
eight  directions  point  of  compass  on  minimum  deviation 
between  median  value  of  each  direction  and  greylevel 
value  at  the  meet  point  of  eight  directions  point  of 
compass  but  deviation  at  the  meet  point  should  not 
equal  to  zero.  These  method  over  a  local  neighborhood 
respond  to  an  edge,  and  sensitive  to  extreem  values  and 
it  can  be  concerned  to  the  results  confirm  its  basic 
characteristics  in  order  to  reduce  the  noise  and  edge 
preservation.  These  filter  will  execute  on  eight  directions 
point  of  compass  and  the  operation  step  as  follows  : 

a.  choosing  size  of  window  operation  (3X3,  5X5,..)  then 
ordering  the  greylevel  value  by  means  sub  pixel  by  sub 
pixel-  The  value  between  two  closest  pixels  is  equal  to 
average  ve  lue  of  two  closest  pixels. 

b.  sequencing  the  greylevel  value  by  means  sub  pixel  by 
sub  pixel  of  each  direction  in  ascending  order  which 
is  available  on  the  window  operation. 

c.  selecting  median  valueon  the  middle  of  sequencing  or¬ 
der  in  step  b. 

d.  calculating  deviation  between  median  value  with  grey¬ 
level  value  at  the  meet  point  of  eight  directions  point 
of  compass. 

e.  comparing  the  results  on  step  d  for  all  directions  and  - 
then  find  the  minimum  deviation. 

f  new  greylevel  value  for  new  image  is  equal  to  median 
value  on  the  direction  which  has  minimum  deviation. 
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EVALUATION  METHOD 

To  assess  the  performance  of  noise  reduction  algorithm, 
a  specially  generated  test  image  from  original  image 
used  noise  signal  and  noise  which  are  chracterized 
numerically  and  was  done  by  assigning  the  greylevel 
value  where  selected  randomly  from  gaussian 
distribution  of  means  pi  and  p2  respectively  and 
variance  Ta  2.  A  test  image  was  generated  at  signal  to 
noise  ratio  (SNR)  equal  to  25,  49,  81  and  100.  The  SNR 
was  defined  by  Pratt  and  later  used  by  Kitchen  and 
Rosenfeld  in  the  evaluation  of  edge  detection. 

SNR  =  {(pl-p2)/T)**2  . (1) 

EXPERIMENT 


/'  Satellite  'x 
vifflagery  data  J 


'Visual  interpretationj 
I  as  reference  map  1 


Digitizing  Process  | 
Digital  reference  map] 


Data  conversion  ! 

Vector  data  into  raster  data) 


Signal  to  noise  ratio  | 
imagery  as  detected  edgt^ 
imagery  J 


|(.Mean. 


Edge  Preserving  Noise 
Smoothing  Filter 
.  median.  Nagao,  Develop) 


Binarization  i 
Binary  image  { 


Overlay  process  j 

Correct  detected  edge  (signal) 
iFalse/mis- detected  Edge  (noise) 


W 


Statistical  process  j 

Pixel  numbers  of  correct  detected  edge  | 
Pixel  numbers  of  false/mi s-detected  edge; 


Fig. 1.  Flow  chart  of  quantitatively  evaluated 


DISCUSSION 

Noise  reduction  step  as  pre-processing  is  useful  in  order 
to  smooth_out  the  noise  from  original  image,  preserved 
the  edge,  enhance  the  quality  of  an  image,  keep  topogra¬ 
phic  features  and  enhance  the  subtle  structures. 

Firstly,  make  variation  of  SNR  image  by  means  apply 
variety  of  SNR  ratio  into  original  image.  So,  we  can  see 
bigger  SNR  imagery,  more  clearly  extracted  of  edge. 
Secondly,  applied  one  by  one  of  edge  preserving  noise¬ 
smoothing  filter  into  SNR  image.  So,  we  can  see  that 
mean  and  median  filter  can  reduce  noise  but  produced 
blur  image.  Nagao  and  Matsuyama's  edge  preserving 
noise-smoothing  filter  can  reduce  not  only  noise  but  also 
reduce  interesting  features  such  as  river,  fault,  subtle 
structures  and  other,  even  this  filter  produce  ublur 
image.  On  my  development  of  edge  preserving  noise¬ 
smoothing  filter  can  reduce  noise  similar  like  mean  and 
median  but  my  filter  can  enhance  subtle  structures  and 
keep  interesting  features.  Thirdly,  make  binary  image  of 
each  produced  image  by  modification  greylevel  value 
and  further,  will  be  used  as  comparison  to  find  the 
effectiveness  of  edge  preserving  noise- smoothing  filter. 


From  greylevel  0  until  103  modify  to  0  and  from  103  to 
255  modify  to  1.  Finally,  overlay  between  image  which 
produced  by  human  interpretation  and  binary  image.  So, 
by  using  statistical  process  we  can  count  the  pixel 
numbers  of  correct  detected  edge  and  false  detected 
edge.  From  this  result  and  from  the  quality  of  image,  we 
can  say  that  development  filter  will  give  more  better 
quality  of  image  and  more  biggest  quantitavely 
calculated.  Median  filter  perform  relatively  well  in  both 
homogenous  areas  and  edge  dominated  areas,  and  tend 
to  distort  edge  in  form  of  blurring.  Averaging  has 
powerful  noise  reduction  in  homogenous  areas  but  tend 
to  distort  edge  in  form  of  blurring,  over  enhancement  or 
boundary  distortion.  Nagao  and  Matsuyama's  edge 
preserving  noise- smoothing  filter  can  reduce  the  noise 
but  in  this  study  that  filter  also  reduce  the  interest 
features,  even  this  filter  do  not  produce  blur  image. 
CONCLUSION 

This  paper  has  presented  a  method  to  evaluate  the 
performance  advantages  of  edge  preserving  noise¬ 
smoothing  filter  algorithm  based  on  objectivity  of 
qualitative  and  quantitave  calculation.  The  evaluation 
studies  on  simulated  images  were  made  under  the  effect 
of  SNR  and  binary  of  SNR.  Evaluation  method  were 
used  to  compare  the  effectiveness  of  four  different  kinds 
of  edge  preserving  noise-smoothing  filter  and  the 
following  observation  were  made  median  perform 
relatively  well  in  both  homogenous  and  edge  dominated 
areas,  and  tend  to  distort  edge  in  form  of  blurring. 
Averaging  has  powerful  noise  reduction  in  homogenous 
areas  but  tend  to  distort  edge  in  form  of  blurring,  over 
enhancement  or  boundary  distortion.  Nagao  and 
Matsuyama's  edge  preserving  noise-smoothing  filter  can 
reduce  the  noise  but  in  this  study  that  filter  also  reduce 
the  interest  features,  even  this  filter  do  not  produce  blur 
image.  Development  filter  produce  better  smooth_out 
of  noise  and  better  quality  than  the  others  because  this 
filter  has  control  for  every  times  processing.  That 
control  is  different  between  median  value  of  each 
direction  should  be  minimum  deviation  but  not  equal  to 
zerro. 
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ABSTRACT 

A  convolution  may  be  represented  as  x(.)  =  r(.)  ★?/;(.). 
The  goal  of  deconvolution  is  to  extract  r(.)  and  from 
knowledge  of  x(.),  and  finds  numerous  applications  in  dig¬ 
ital  signal  processing.  Of  practical  interest  in  oil  explo¬ 
ration,  is  the  case  where  is  a  seismic  pressure  wavelet, 
x{.)  is  the  observed  seismic  response,  and  r(.)  is  the  re¬ 
flectivity  of  the  earth.  A  number  of  procedures  have  been 
proposed,  including  predictive,  deterministic,  and  homo¬ 
morphic  deconvolution.  Homomorphic  deconvolution  has 
been  found  particularly  efficient  for  those  cases  where  a;(,) 
is  known  to  be  full-band.  This  paper  presents  a  robust 
constructive  procedure  for  efficient  homomorphic  decon¬ 
volution  for  those  cases  where  a:(.)  is  a  bandpass  signal. 
Analysis  and  comparison  with  other  methods  for  decon¬ 
volving  bandpass  signals  on  measured  seismic  traces  (in¬ 
cluding  the  Novaya  Zemlya  event)  illustrate  the  improve¬ 
ment  in  the  deconvolution. 

1.  INTRODUCTION  AND  CURRENT  WORK 

A  particular  application  of  deconvolution  is  in  the  oil  ex¬ 
ploration  field.  In  here,  the  source  signal  or  excitation 
signal  may  be  a  dynamite  charge  or  an  air  gun,  and  re¬ 
flections  from  the  subsurface  reflectors  are  recorded  by  a 
seismometer  (receiver).  Ideally,  if  the  source  signal  were 
an  impulse,  the  received  signal  would  be  a  train  of  im¬ 
pulses  with  varying  amplitudes.  Since  the  received  signal 
is  a  convolution  of  the  imprecisely-known  source  signal 
with  the  reflectivity  of  the  reflector,  the  detection  of  the 
individual  reflectors  becomes  a  difficult  task.  The  objec¬ 
tive,  therefore,  is  to  deconvolve  the  effect  of  the  source 
from  the  received  signal.  Homomorphic  signal  processing 
techniques  are  based  on  the  transformation  of  a  signal  x[n] 


Log 

-  1 

A  ^ 

z 

X(z)  I 

X(z) 

Figure  1:  Complex  cepstrum  transformation 
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into  a  signal  x[n]  as  shown  in  Fig.  1.  X{z)  denotes  the  Z 
transform  of  x[n],  and  X(z)  denotes  the  Z  transform  of 
x[n]  and  is  defined  by  the  relation 

Xiz)  =  log  X{z)  (1) 

The  signal  x[n]  is  defined  as  the  complex  cepstrum.  The 
complex  cepstrum  exists  if  logA(z)  has  a  convergent 
power  series  representation  of  the  form 

oo 

X{z)  =  log  X{z)  =  ^  x[n\  z-^,  |z|  =  1  (2) 

n=-~oo 

and 

=  log  \Xien\  +  3  argX(en  (3) 

The  sequence  of  coefficients  in  (2)  represents  the  actual 
cepstrum  of  the  signal  x[n]  [1],  From  (3),  we  observe 
that  both  log  I A  (e^^)  I  and  argA'(e^^)  must  be  continu¬ 
ous  functions  of  u.  Any  function  that  satisfies  (2)  and 
the  restrictions  of  continuity  is  said  to  be  well  defined  for 
homomorphic  analysis. 

Now,  suppose  that  x[n]  represents  the  convolution  of 
two  signals  r[n]  and  w[n],  i.e  {x[n]  =  r[n]i^w[n]).  Then,  by 
using  both  Fourier  transform  and  logarithmic  properties, 
one  can  easily  show  that  the  system  of  Fig.  1  transforms 
two  convolved  signals  into  the  sum  of  their  individual  com¬ 
plex  cepstra.  In  the  cepstral  domain,  these  two  signals 
could  be  assumed  to  occupy  separate  time  frames  so  that 
deconvolution  is  simply  a  subtraction  of  signals.  Consis¬ 
tent  with  published  literature,  we  may  assume  that  the 
complex  cepstrum  of  the  received  signal  has  two  compo¬ 
nents:  a  slowly- varying  component  and  a  rapidly-varying 
component.  This  suggests  that  the  two  convolved  com¬ 
ponents  of  x[n],  the  source  and  the  reflection  coefficient 
signals,  can  be  separated  by  applying  linear  liftering  [2] 
or  time  gating. 

However,  as  seen  from  (3),  homomorphic  deconvolution 
presents  some  limitations  when  applied  to  signals  that 
have  bandpass  characteristics.  This  difficulty  has  proved 


1592 


difficult  to  surmount.  Tribolet  [3]  proposed  a  method 
called  bandpass  mapping  (BP)  that  transforms  a  band¬ 
pass  signal  into  a  full-band  signal  via  the  following  trans¬ 
formation: 


UJ  = 


7r(cj  -  cji) 
ijJ2  •“  OJi 


(4) 


where  wi  and  W2  are  the  cutoff  frequencies.  Tribolet  also 
showed  that  this  mapping  is  invertible.  After  liftering  the 
resulting  signal  in  the  full-band  domain,  we  are  able  to 
invert  back  and  recover  cepstral  information  pertaining 
to  the  bandpass  signal.  Note  that,  even  though  the  basic 
amplitude  structure  of  the  deconvolved  signal  may  be  pre¬ 
served,  the  polarity  is  not.  There  is  also  a  limitation  with 
regard  to  the  implementation  of  the  bandpass  mapping, 
when  realized  by  interpolator-decimator  structures. 

In  the  next  section,  we  develop  the  proposed  method 
and  then  present  results  of  its  performance  on  measured 
data  from  seismic  records. 


2.  A  NEW  PROCEDURE  FOR 
DECONVOLUTION  OF  BANDPASS  SIGNALS 


Given  a  bandpass  signal  x[n]  =  r[n]*  where  r[n]  is 
an  impulse  train  sequence  and  w[n]  is  a  pressure  wavelet, 
we  define  a  signal  Xesti^)  =  X{z)  N{z)^  and  a  signal 
Y(z)  =  Xesti^)  +  S{z)  {y[n]  =  Xest[n]  +  s[n]),  with  the 
following  characteristics: 

•  The  signal  N{z)  is  defined  as 


therefore, 
Xest{z)\ 


y=e3^  —  I 


0  UJi  ^  U)2 

e  otherwise 


_eju,  —  I 


X(e^'^)  uji  <  |a;|  <  u;2 

e  otherwise 


(5) 


(6) 


where  u)i  and  uj2  are  the  cutoff  digital  frequencies  of  the 
bandpass  signal  and  e  is  any  constant  (e  1). 


•  The  signal  s[n],  called  the  supplemental  signal^  is  the 
sum  of  the  original  signal  XgstM  and  a  full-band  signal 
Sj[7i]  with  the  following  characteristics: 

(i)  Si[n]  is  minimum-phase. 

(ii)  5i[n]  is  a  second-order  infinite  impulse  response 
(HR)  full-band  signal  with  a  smooth  spectrum. 

(iii)  The  locations  of  the  poles  of  Sj[n]  are  specified  as 
follows, 


f  TT  -  a;2  >  ct;i 

\  uJi/2  otherwise 


(7) 


(iv)  The  bandwidth  and  maximum  bandwidth  are 
given  by: 

BW  ^  (r  is  the  radius  of  the  pole) 

B^Vjjiax  —  TT  Wq 

(8) 


•  In  general,  y[n]  can  also  be  expressed  as  a  linear  com¬ 
bination  of  both  s[n]  and  that  is 

y[n]  =  /3iXest[n]  + p2s[n]  (9) 


where  Pi  and  p2  are  any  real  constants,  subject  to  the 
condition  that 


PlXest{z) 

02S{Z) 


(10) 


•  y[n]  is  full-band  signal  (transitively,  from  the  full-band 
nature  of  Si[n]  and  s[n])  and  suitable  for  homomorphic 
analysis. 


The  objective  of  this  constructive  procedure  is  to  recover 
the  complex  cepstrum  Xe5i[n],  as  defined  in  (1)  from  the 
full-band  signal  y[n]. 

By  taking  the  z-transform  of  y[n],  we  have 
Y{z)  =  X,st{z)  +  S{z)  =  J(z)  (^1^  +  1)  (11) 

The  complex  cepstrum  Y {z)  is  then  given  by 
Y{z)  =  log(y(2))  =  log(5(z))  +  log(^^  +  1)  (12) 
Further  derivations  from  (12)  lead  to 

Xestiz)=-log  (f(z)  -  5(z))  +  5(z) 


In  analyzing  our  derivation,  called  Bandpass  Transfor¬ 
mation  (BPT),  the  following  observations  can  be  made: 


•  One  can  always  construct  a  function  S{z)  such  that 
^  Consequently,  0  <  |r(2:)|  <  <  1, 

where  Mr  is  the  radius  of  convergence  and  r(2:)  = 


^oo  (-1)" 
/^n~0  n+1 


( 


Xest(z) 

S{z) 


•  Each  term  in  equation  (13)  is  well  defined  and  suitable 
for  homomorphic  analysis. 


•  This  additive  approach  provides  us  with  a  signal  in 
which  low  power  components  have  been  increased  to  a 
reasonable  degree  so  that  when  complex  cepstrum  anal¬ 
ysis  is  applied,  the  resulting  components  do  not  become 
either  negatively  large  or  unbounded.  Moreover,  this 
new  constructive  procedure  uses  additional  information 
from  the  signal  that  would  not  be  retained  if  we  were 
to  process  it  directly. 
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Figure  2:  Results  for  example  1  using  the  BPT  method,  (a)  cepstrum  of  x[n\  (b)  reflection  coefficients  sequence 
corresponding  to  r[n]. 


3.  NUMERICAL  RESULTS  AND 
COMPARISON  WITH  CURRENT  WORK 

We  now  present  four  experimental  results  that  validate 
the  improved  performance  claimed  by  the  proposed  pro¬ 
cedure.  The  signals  used  for  experiments  1-3  are  defined 
as  follows: 

r[n]  roS[n]  -f  rMS[n  -  M]  -h  r2MS[n  -  2M]  (14) 

and 

-  3.4641)^  —  1] 

v27r 

.exp(-i  (O.lGOn-  3.4641)^)  (0  <  n  <  43)  (15) 

where  J[n]  is  the  Dirac  delta  function,  and  w[n]  is  a  Ricker 
wavelet  ^  [3,  4].  A  seismic  wavelet  x[n]  was  generated  as 
x[n]  =  r[n]  ★  w[n].  The  objective  is  to  extract  the  re¬ 
flection  sequence  r[n]  from  the  given  seismic  trace  x[n]. 
Three  methods  are  used  in  determining  the  reflection  co¬ 
efficients:  our  proposed  method  (BPT),  a  direct  method  ^ 
and  Tribolet’s  bandpass  mapping.  The  waveforms  for  ex¬ 
periment  4  correspond  to  a  seismic  event  recorded  at  the 
University  of  Alberta  Edmonton  Seismological  Observa¬ 
tory  near  Leduc,  Alberta.  The  details  of  the  experiment 
and  its  recording  information  are  described  in  [5]. 

signal  that  resembles  those  recorded  in  a  seismometer  and 
defined  as  the  second  derivative  of  the  Gaussian  (or  error  density) 
function. 

^Homomorphic  analysis  is  applied  directly  to  the  original  band¬ 
pass  signal. 


3.1.  Example  1  -  Ricker  Wavelet 

The  seismic  wavelet  has  the  following  specifications  (as¬ 
suming  a  sampling  frequency  of  250  Hz,  M  =  12,  and  a 
2048-point  FFT): 

u)^  =  0,  0^2  =  0.6786  (both  in  radians),  e  =  1  x  10“^ 

Using  (7)  and  (8),  a  supplemental  signal  was  constructed 

BW  =  20  Hz,  cjc  =  1.9101  (76  Hz),  F,  =  250  Hz  (16) 

Fig.  2a  shows  the  complex  cepstrum  x[n].  Of  interest  are 
the  impulses  at  integer  multiples  of  M  =  12.  These  are 
contributed  by  r[n],  and  correspond  to  the  rapidly- varying 
component,  while  the  slowly- varying  component  corre¬ 
sponds  to  w[n].  Since  the  interarrival  time  of  the  rapidly- 
varying  component  is  easily  detected,  a  comb  lifter,  g[n], 
was  used  that  can  be  defined  as: 

85 

9[n]  =  Y^6[n  -  12i],  1  <  n  <  2048  (17) 

i=l 

The  signal  r[n]  is  shown  in  Fig.  2b.  This  sequence  is  the 
approximation  to  r[n]  obtained  by  homomorphic  deconvo¬ 
lution  and  the  proposed  BPT  procedure.  Both  amplitudes 
and  delays  are  accurately  determined  by  BPT.  Table  1 
shows  the  numerical  results  and  definition  of  parameters 


3.2.  Example  2  -  Resolution  of  Overlapping  Com¬ 
ponents 

In  this  example,  we  use  a  reflection  coefficient  sequence 
with  a  sample  interval  M  =  6.  A  supplemental  signal 
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(b) 


Figure  3:  Results  of  applying  homomorphic  deconvolution  to  signal  x[n]  using  the  BPT  (a)  complex  cepstrum  (b) 
reflection  coeflftcients  sequence. 


with  a  bandwidth  of  20  Hz  was  generated.  With  regard 
to  frequency  content,  and  values  of  rn’s,  the  same  specifi¬ 
cations  from  Example  1  were  used.  The  complex  cepstrum 
and  the  reflection  coefficient  sequence  are  both  shown  in 
Fig.  3.  In  this  example,  we  have  shown  that  our  proposed 
method  is  invariant  to  the  interarrival  time  of  the  reflec¬ 
tion  coefficients.  The  next  example  illustrates  the  robust¬ 
ness  of  the  BPT  in  which  the  polarity  of  the  reflection 
coefficient  sequence  is  changed  and  the  sample  interval  is 
kept  identical. 

3.3.  Example  3  -  Detection  of  Signal  Polarity 

The  specifications  for  Example  3  remain  the  same  as  those 
given  in  example  1.  However,  the  polarity  of  the  reflection 
coefficient  sequence  at  n  =  6  was  changed: 

r[n]  —  S[n]  —  0.75  S[n  —  6]  -1-  0.5  S[n  —  12]  (18) 

Results  for  examples  1-3  are  summarized  in  Table  1.  We 
also  show  the  results  obtained  using  the  direct  method 
and  the  BP  mapping. 

3.4.  Example  4  -  Novaya  Zemlya  Experiments 

We  analyzed  the  teleseismic  wavelet  for  the  Novaya 
Zemlya  explosion.  Fig.  4a  shows  the  original  seismic  wave¬ 
form  as  given  in  [5].  A  second  waveform  that  is  important 
for  our  discussion  corresponds  to  the  crustal  impulse  re¬ 
sponse  of  the  Leduc  crust  as  calculated  by  Jensen  and 
Ellis  [6]  and  Sommerville  and  Ellis  [7].  This  is  shown  in 
Fig.  4b.  Similar  to  the  previous  examples,  we  also  sim¬ 
ulated  and  compared  the  performance  of  the  BPT,  the 


direct  method  and  Tribolet’s  BP  mapping.  The  goal  of 
the  experiments  was  to  extract  the  source  wavelet  and 
the  crust  impulse  response  from  the  seismic  signal  using 
the  BPT  and  homomorphic  deconvolution.  An  analysis  of 
the  signals  of  Fig.  4  suggests  that  our  proposed  method 
can  be  a  valuable  procedure  to  detect  reflectivity  from 
layers  deeper  than  those  detected  by  the  other  methods 
described  in  this  paper.  Most  of  the  prolonged  oscillatory 
behavior  of  the  original  seismic  wavelet  is  present  in  our 
extracted  signal,  extending  up  to  about  4  seconds,  mean¬ 
ing  the  detection  of  a  longer  path  or  deeper  distances. 


4.  SIGNIFICANCE  OF  THE  RESULTS 

In  this  paper,  a  constructive  procedure  for  bandpass  sig¬ 
nals  has  been  applied  to  solve  the  limitation  that  such 
signals  present  when  analyzed  by  homomorphic  deconvo¬ 
lution.  Our  additive  approach  has  provided  us  with  a  sig¬ 
nal  in  which  low  power  components  have  been  increased 
to  a  degree  so  that  when  complex  cepstrum  analysis  is 
applied,  the  resulting  components  do  not  become  either 
negatively  large  or  unbounded.  This  constructive  proce¬ 
dure  also  uses  additional  information  from  the  signal  that 
is  not  retained  if  it  were  to  be  processed  directly.  We 
have  presented  a  series  of  experiments  that  validate  the 
claim  of  improvement:  (1)  increased  accuracy  and  reso¬ 
lution  of  signal  polarity,  (2)  simplicity  (no  sampling  rate 
conversion) ,  (3)  better  estimation  from  overlapping  com¬ 
ponents,  and  (4)  detection  of  reflectivity  characteristics 
from  deeper  layers. 
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Table  1:  Summary  of  results  for  experiments  1-3  using  the  BPT,  the  direct  method,  and  TriholeVs  method. 


Methods 

Experimental  Results  from  Seismic  Data  | 

Ricker  Wavelet 

M  =  12 

Resolution  of 
Overlapping  Components 

M  =  6 

Detection  of  Signal 
Polarity 

M  =  6 

n 

n 

0 

12 

24 

0 

6 

12  J 

0 

6 

12 

Expected  Results  (rn) 

1 

0.75 

0.5 

1 

0.75 

0.5 

1 

-0.75 

0.5 

Proposed  Method 

1.0000 

0.7402 

0.5021 

1.0000 

0.7687 

0.5128 

1.0000 

-0.7410 

0.4950 

Tribolet ’s  Method 

1.0002 

0.7604 

0.4835 

1.0000 

-0.2771 

0.3404 

0.9999 

-0.2995 

0.5010 

Direct  Method 

1.0000 

0.5736 

0.3093 

1.0000 

0.5480 

0.1925 

1.0000 

-0.6186 

0.4003 

(b) 


(c) 


Figure  4:  The  Novaya  Zemlya  experiments  (a)  original  seismic  wavelet  (b)  crustal  impulse  response  (c)-(e)  results  of 
convolving  the  crust  impulse  response  of  (b)  and  the  extracted  source  wavelets  by  using  the  BPT  method,  the  direct 
method,  and  the  BP  mapping  respectively. 
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ABSTRACT 

This  paper  describes  an  efficient  filter  that  implements  re¬ 
sampling  and  restoration  of  digital  images  in  a  single  pass. 
The  approach  is  to  derive  optimal  parameters  for  a  piecewise- 
cubic,  reconstruction  function  based  on  a  comprehensive 
model  of  the  imaging  process  that  accounts  for  acquisition 
blurring,  sampling,  noise,  and  reconstruction  artifacts.  For 
many  data  products  produced  from  remotely  sensed  images, 
piecewise-cubic  reconstruction  is  the  standard  algorithm  for 
resampling.  For  these  products,  restoration  with  the  optimal 
piecewise-cubic  function  requires  virtually  no  additional  pro¬ 
cessing  resources  and  can  significantly  improve  radiometric 
fidelity. 

1,  INTRODUCTION 

This  paper  describes  an  efficient  filter  that  resamples  and  re¬ 
stores  digital  images  in  a  single  pass.  Resampling  involves 
reconstruction,  the  process  of  determining  image  values  at  ar¬ 
bitrary  spatial  locations  from  the  discrete  pixels.  Reconstruc¬ 
tion  is  required  in  many  imaging  applications  and  is  particu¬ 
larly  important  in  remote  sensing  where  images  are  resampled 
to  correct  for  geometric  distortion  and  to  register,  rescale,  or 
otherwise  remap.  Restoration  involves  correcting  for  degra¬ 
dations  introduced  during  the  imaging  process  to  obtain  more 
accurate  estimates  of  the  scene  radiance  field.  Restoration  can 
yield  significant  improvements  in  the  accuracy  of  radiometric 
measures  by  accounting  for  degradations  introduced  during 
image  acquisition,  including 

•  blurring  related  to  atmospheric  transmission,  optical 
components,  and  the  spatial  integration  of  detectors; 

•  noise  caused  by  the  inherent  variability  of  radiance 
fields,  quantization,  and  various  instrument  phenom¬ 
ena;  and 

•  artifacts  related  to  aliasing  of  high  spatial-frequency 
scene  components  in  the  sampled  image. 

In  addition  to  these  acquisition  degradations,  resampling  usu¬ 
ally  is  implemented  with  reconstruction  methods  that  use  a 
0-7803-3068-4/96$5.00©1996  IEEE 


local  weighted  average  (e.g.,  nearest-neighbor  or  bilinear  in¬ 
terpolation)  and,  as  such,  involve  additional  blurring  and  sam¬ 
pling.  Display  devices  also  reconstruct  a  continuous  radiance 
field  by  forming  a  display  spot  for  each  pixel  —  effectively 
blurring  the  discrete  values  to  form  a  continuous  image. 

Traditional  restoration  methods  have  focused  on  blurring 
and  noise,  with  the  effects  of  sampling  and  reconstruction  fre¬ 
quently  not  considered.  As  Schreiber  writes,  the  effects  of 
these  processes  “on  the  overall  performance  of  systems  is  gen¬ 
erally  ignored  in  the  literature,  but  is  actually  very  large.[l, 
p.  v/]”  Optimal  approaches  to  restoration  must  be  based  on 
a  comprehensive  system  model  that  adequately  accounts  for 
sampling  and  reconstruction  as  well  as  blurring  and  noise. 

The  filter  developed  in  this  paper  is  a  piecewise  cubic  re¬ 
construction  function.  The  piecewise  cubic  function  is  widely 
used  in  resampling  to  interpolate  discrete  pixel  values,  an 
operation  commonly  called  cubic  convolution  or,  in  its  one- 
parameter  form,  parametric  cubic  convolution  (PCC).  The 
piecewise  cubic  is  efficient  because  it  uses  low-order  poly¬ 
nomials  and  has  a  small  region  of  spatial  support.  The  piece- 
wise  cubic  requires  more  computation  than  simpler  nearest- 
neighbor  and  linear  interpolation  functions,  but  performs 
much  better  and  can  be  parameterized  for  specific  systems. 
For  many  data  products  produced  from  remotely  sensed  im¬ 
ages,  piecewise  cubic  reconstruction  is  the  standard  algorithm 
for  resampling.  For  these  products,  restoration  with  the  opti¬ 
mal  piecewise  cubic  function  requires  virtually  no  additional 
processing  resources  and  can  significantly  improve  radiomet¬ 
ric  fidelity. 


2.  IMAGING  SYSTEM  MODEL 

This  paper  employs  the  model  of  the  basic  components  of  the 
digital  image  acquisition  process  presented  in  [2].  By  nature, 
the  model  is  a  simplification  of  the  more  complex  interactions 
in  real  imaging  systems,  but  the  model  captures  the  most  fun¬ 
damental  effects  of  the  acquisition  process.  The  image  acqui¬ 
sition  process  has  three  phases:  image  formation,  sampling, 
and  quantization.  Mathematically,  the  process  that  produces 
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the  digital  image  p  is  modeled  as: 


p[n]  =  /  h{n  —  x)  s{x)  dx e[n]  (1) 

J —oo 

where  s  is  the  scene  radiance  field,  h  is  the  image  acquisition 
point-spread  function  (PSF),  and  e  is  error  or  noise.  Pixels  are 
indexed  with  integer  coordinates  [n]  and  the  continuous  spa¬ 
tial  coordinates  (x)  are  normalized  to  the  sampling  interval. 
Function  values  are  expressed  on  the  digital  number  scale. 
This  is  a  fairly  modest  model,  but  it  is  adequate  to  demon¬ 
strate  the  radiometric  issues  in  resampling  and  to  develop  an 
improved  restoration  and  resampling  technique. 

Image  acquisition  can  be  expressed  equivalently  in  the 
spatial-frequency  domain,  where  system  functions  are  char¬ 
acterized  by  their  transfer  functions  and  instead  of  convolu¬ 
tion  we  have  the  pointwise  product.  The  equivalent  frequency 
domain  equation  for  p,  the  Fourier  transform  of  the  image,  is: 

oo 

p  (i?)  =  ^2  h{v  —  I/)  s  {v  —  iy)  e  (t;)  (2) 

i/=--oo 

where  spatial  frequencies  (v)  are  normalized  to  the  sampling 
frequency,  s  is  spatial-frequency  spectrum  of  the  scene,  h  is 
the  acquisition  transfer  function,  and  e  is  the  spatial-frequency 
spectrum  of  the  noise. 

Convolution  of  the  digital  image  p  and  the  reconstruction 
PSF  /  is: 


oo 

rix)  =  (3) 

n=  — OO 

The  corresponding  frequency-domain  equation  for  recon¬ 
struction  is 

f{v)  =  f{v)p{v)  (4) 

where  /  is  the  reconstruction  transfer  function. 

3.  IMAGING  SYSTEM  ANALYSIS 

There  is  a  tradeoff  in  system  design  between  errors  related  to 
blurring  and  errors  related  to  aliasing.  We  begin  by  expressing 
quantitatively  our  goal  to  have  the  reconstructed  image  be  as 
accurate  a  measure  of  the  scene  as  possible.  Linfoot[4]  used 
the  expected  mean-square  error  between  the  scene  s  and  the 
reconstructed  image  r 


The  expression  for  expected  mean-square  error  can  be 
written  to  make  clearer  the  tradeoff  between  blurring  and 
aliasing  in  system  design: 


J  —OO  ' 

/oo  /  oo  ^  2\  ^ 

X!  ^s{v-v)  h{v-v)  f{v) 

\u=-oo  J 

+  J  dv 


dv 

(6) 


where  $5  is  the  scene  power  spectrum  and  $e  is  the  noise 
power  spectrum.  This  analysis  assumes  that  the  noise  is 
signal-independent  and  that  sidebands  of  the  scene  spectrum 
that  alias  to  the  same  frequency  are  uncorrelated. 

The  first  term  represents  the  error  associated  with  blurring 
the  image  by  both  the  acquisition  PSF  h  and  the  reconstruc¬ 
tion  PSF  /.  To  minimize  this  term,  h  and  /  should  be  equal 
to  one  at  all  frequencies  (which  would  mean  that  the  system 
should  not  blur  during  acquisition  nor  during  reconstruction). 
The  second  term  represents  the  error  associated  with  the  alias¬ 
ing.  To  minimize  this  term,  h  and  /  should  be  equal  to  zero 
at  all  frequencies  (which  would  mean  that  the  system  would 
eliminate  aliasing  by  not  passing  any  signal).  So,  there  is  a 
clear  tradeoff  between  blurring  and  aliasing.  The  final  term  is 
associated  with  system  noise.  To  minimize  this  term,  /  should 
be  equal  to  zero  at  all  frequencies  (which  would  mean  that  the 
system  would  eliminate  noise  by  not  passing  any  signal). 


4.  THE  OPTIMAL  PIECEWISE  CUBIC 

The  optimal  piecewise  cubic  maximizes  radiometric  fidelity 
(i.e.,  minimize  the  expected  mean-square  error  in  the  resam¬ 
pled  values  relative  to  the  scene  radiance  field)  based  on  the 
end-to-end  imaging  system  model  presented  in  Section  2.  The 
spatial  support  of  the  piecewise  cubic  function  is  between  ±2. 
A  cubic  polynomial  is  defined  over  each  unit  interval  (with 
knots  at  0,  ±1,  and  ±2),  so  there  are  16  degrees  of  freedom  in 
the  general  form.  To  insure  a  continuous  and  smooth  recon¬ 
struction,  the  following  conditions  are  required  for  the  func¬ 
tion  derivative  and  value  at  each  knot: 


lim  f'{x) 

x—yk— 

=  lim  /'  (x) 
x^k-^  ^ 

(7) 

lim  f(x) 

x-yk— 

=  lim  /  (x) 

x—yk^ 

(8) 

52  —  ^  \s  (x)  —  r  {x)f  dx^ 


for  k  —  0,  ±1,  ±2.  This  leaves  six  degrees  of  freedom  that 
can  be  identified  with  the  function  slope  and  value  at  the  in¬ 
ternal  knots: 

=  f  {k) 

Pk  =  f  (k) 


to  define  image  fidelity. 


1598 


(9) 

(10) 


for  A:  ==  0  and  ±1.  To  insure  reconstruction  does  not  change 
the  mean,  the  integral  of  the  cubic  must  be  1 : 

/CO 

f{x)  dx  -  1.  (11) 

-oo 

This  constraint  removes  one  of  the  degrees  of  freedom,  which 
can  be  identified  with  the  function  value  at  0: 


For  the  piecewise  cubic  function  in  Equation  PCC,  there  are 
five  parametric  components  (i.e.,  parameters  q;_i,  qq,  cti, 
/3_i,  and  f3i)  and  so  iC  =  5. 

Then,  in  order  to  minimize  the  expected  mean-square  er¬ 
ror,  substitute  this  expression  into  Equation  6,  take  the  deriva¬ 
tive  with  respect  to  filter  parameters  7)^,  and  set  the  result 
equal  to  zero.  For  real-valued  imaging  systems,  this  yields 
the  system  of  linear  equations: 


Po  =  1-  P-i  - 


(12) 


Separating  components  by  parameter,  the  cubic  is 

/  (x)  =  fo  (x)  +  a-ifi  (x  +  1)  +  ai/i  (x  -  1)  +  ao/i  (a;) 

+/3_i/2(1/2-x)  +  A/2(x-1/2)  (13) 


with 


I  ® 

fo  {^)  =  <  -2a:^  ”  +  1 

I  2x3 -3x2  +  1 


if  1^:1  >  1 

if  -1  <  X  <  0 
if  0  <  X  <  1 


/i(^) 


0 

x3  +  2x2  _j_  ^ 
x3  —  2x2  +  X 


if  |x|  >  1 
if-1  <  X  <  0 
if  0  <  X  <  1 


f2{30) 


'  0 

2x3  _|_  q^2  ^  gx/2 
—4x3  _|.  2a; 

^  2x3  —  6x2  gx/2 


if  |x|  >  I 

if “2  “2 

if  “I  <^<  I 

if|<x<|. 


With  p-i  =  Pi  ~  0  and  ao  =  0,  these  equations  are  identical 
to  those  in  [3].  With  P-i  ^  Pi  and  ao  —  0,  these  equations 
are  identical  to  those  in  [5]. 

The  Fourier  transform  of  this  cubic  is: 


/  roo 

(v)  fj  (v)  fl  (v)  dv 

j=l 

(v)  -  (v)  fo  (v))  fk  iv)  dv^  (16) 

for  k  —  I..K.  This  is  a  system  of  K  linear  equations  with 
K  unknowns.  Solving  for  the  values  of  7  yields  the  optimal 
parameters. 


5.  CONCLUSION 

This  paper  presents  the  development  of  an  optimal  piecewise 
cubic  filter  for  restoration  and  resampling.  The  derivation 
minimizes  the  expected  mean-square  difference  between  the 
scene  radiance  field  and  the  resulting  image  based  on  an  end- 
to-end  model  of  the  imaging  process.  Our  current  work  on 
this  filter  involves  the  determination  of  the  optimal  values  for 
the  planned  Landsat  7  Enhanced  Thematic  Mapper  {ETM+) 
and  simulation  experiments  for  the  Landsat  7  imaging  system 
using  images  from  the  Advanced  Solid-State  Array  Spectro- 
radiometer  (ASAS). 
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+ao/i  (t;)  +  /3-1/2*  (v)  +  A/a  (v)  e-"*”  ( 
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/o(ri 

= 
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= 

. 3cos (ttu)  ^  3cos(37ru)  ^  6sin3(7ru 
^  V  27r^u3  *  27r^u^  * 

(14) 


The  derivation  that  yields  the  solution  for  the  optimal 
piecewise  cubic  can  be  expressed  as  a  more  general  problem. 
To  this  end,  we  generalize  the  filter  as: 


K 

f{u)  =  foiv)  +  '^'lkfk{v)-  (15) 

k=l 
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ABSTRACT 

This  paper  on  Band-to-Band  (B-B)  registration  of  Landsat 
satellite  Thematic  Mapper  (TM)  imagery  has  three  objectives. 
Firstly,  it  documents  a  one  dimensional  (ID)  Z-scwe 
analytical  Fast  Fourier  Transform  (FFT)  procedure  for 
measuring  along-scan  misregistration  in  raw  uncalibrated  and 
uiuesampled  TM  imagery  to  a  precision  better  than  ±0.(X)2 
pixels.  Secondly,  it  demonstrates  that,  with  the  TDRSS 
antenna  quiet,  the  largest  within-scene  coherent  changes  in  B- 
B  sample  misregistration  (SM)  occur  at  the  same  2  Hz 
frequency  as  the  most  significant  changes  in  measured  on- 
orbit  scan  mirror  errors  in  the  instrument  for  Landsat-4  (L4), 
and  at  an  additional  common  1.2  Hz  peak  for  Landsat-5  (L5). 
Thirdly,  it  demonstrates  that  the  cluster  of  frequency  peaks  in 
the  FFTs  of  spacecraft  x-axis  gyro  and  Angular  Displacement 
Sensor  (ADS)  telemetry  below  3  Hz  are  not  seen  in  FFTs  of 
normalized  plots  of  SM  versus  forward  scan  number.  The 
1984  142.7  msec  scan  time  on  L5  was  observed  to  increase 
by  1.5  msec  in  8  years. 


PURPOSE 

This  paper  is  part  of  a  larger  study  to  characterize  the 
geometric  stability  over  time  of  procedures  used  to  create 
systematically  corrected  resampled  products  from  the  TM 
sensors  on  L4  and  L5  that  were  launched  in  1982  and  1984, 
respectively.  This  larger  study  is  also  designed  to  provide 
potential  algorithms  for  the  on-orbit  characterization  of  the 
geometric  stability  of  the  Enhanced  Thematic  Mapper 
(ETM+)  scheduled  for  launch  on  Landsat-7  in  1998. 


BACKGROUND 

Spatial  misregistration  decreases  spectral  contrast.  Raw 
satellite  imagery  is  not  innately  registered.  Traditionally, 
bands  are  brought  into  registration  during  ground  processing 
to  a  geometrically  resampled  final  product  and  then  resampled 
again  based  on  use  of  ground  control  points  and  maps  of 
terrain  before  being  reprojected  into  map  compatible  formats. 
This  latter  process  assumes  that  all  within-scene  corrections 
have  been  made  as  part  of  the  initial  “systematic”  processing. 

1982-1985  Landsat  Image  Data  Quality  Assessment 
(LIDQA)  B-B  registration  studies  were  made  on  raw  and 
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processed  imagery  with  a  precision  of  about  0.02-0.05  pixels 
[1,2].  Sample  misregistration  results  were  reported  as  single 
numbers  for  quadrants,  or  less  frequently,  for  full  scenes,  but 
not  for  within-scene  variation.  The  primary  engineering 
study  documenting  observed  variations  in  instrument  and 
spaceaaft  characteristics  attributed  the  2  Hz  peaks  in  the  gyro 
and  ADS  telemetry  to  cycling  of  the  four  spacecraft  reaction 
wheels  every  30  seconds  over  a  period  of  2  minutes  [3].  The 
assumption  is  that  much,  if  not  all,  of  this  obsa*ved  within- 
scene  geometric  variation  is  properly  cmected  out  in  the 
resampled  systematically  corrected  products  available  to  the 
user  community. 

The  TM  imagers  each  have  two  focal  planes.  The  primary 
focal  plane  has  three  30  meter  (m)  bands  (Bl,  B2,  and  B3)  in 
the  visible  (0.45  to  0.69  microns  (|im))  and  one  near  infrared 
band  (B4  at  0.76-0.90  pm).  The  cold  focal  plane  has  two  30 
m  bands  (B5  and  B7)  in  the  shortwave  infrared  nominally 
centered  at  1.6  and  2.2  pm  [4].  Observed  changes  in  the  B-B 
registration  of  the  reflective  bands  of  the  TM  sensors  between 
pre-launch  and  on-orbit  measurements  have  been  attributed  to 
one-time  changes  that  occurred  during  the  launch  phase. 
Since  the  ground  processing  correction  algorithms  have 
assumed  unchanging  registration  on-orbit,  part  of  the  purpose 
of  the  larger  study  is  to  establish  whether  or  not  there  have 
been  any  further  changes  in  B-B  registration  with  time. 


PROCEDURE 

It  is  necessary  to  study  raw,  unresampled  imagery  with 
associated  telemetry  to  be  able  to  correlate  misregistration 
results  with  telemetry.  Landsat  World  Refaence  System 
(WRS)  Path/Row  and  acquisition  dates  for  the  four  images 
that  were  used  in  this  study  were:  L4  41/28-29  (11/24/82) 
and  L5  172/71-72  (6/20/84).  The  raw  Level  0  (LO)  imagery 
and  the  associated  payload  correction  data  (PCD)  were 
obtained  from  the  U.S.  Geological  Survey’s  Eros  Data  Center 
(EDO. 

The  authors  developed  an  algorithm  to  determine  the  ID 
misregistration  between  bands.  This  algorithm  computed  the 
SM  between  two  bands  one  Une  at  a  time  by  cross-coirelating 
the  center  2048  pixels  of  each  line  pair  in  the  frequency 
domain  and  then  calculating  the  subpixel  misregistration  by 
applying  a  cubic  spline  interpolation  to  the  correlation  result. 

To  measure  within-scene  change  in  misregistration  between 
two  image  bands  for  a  single  detector,  the  algorithm  was  used 
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to  calculate  the  SM  as  a  function  of  forward  scan  number. 
Fig.l  is  an  example  of  the  changes  in  registration  for  a  single 
detector  (16)  in  B3  relative  to  the  same  detector  in  B5.  In 
ordo'  to  give  all  detectors  equal  weighting,  the  individual 
results  for  each  of  the  16  detectors  were  converted  to  “Z’ 
scores  and  averaged  into  a  single  sample  misregistration 
(SMZ)  for  each  of  the  187  forward  scans  in  the  scene.  The 
SMZ  plot  for  the  B3  to  B5  comparison  is  shown  in  Fig.2. 
Six  specific  band-pairs  were  calculated.  To  relate  results  to 
telemetry,  the  FEvTs  of  the  SMZ  plots  were  calculated.  The 
resulting  misregistration  FFT  for  B3  to  B5  is  shown  in 
Fig. 3.  Instrument  telemetry  was  extracted  from  the  image 
supplementary  data  file.  The  handful  of  single  points  in  the 
slowly  varying  telemetry  that  were  dropped  out  wctb  replaced 
with  averages  of  adjacent  points  in  order  to  provide 
continuous  data  for  the  FFT  analyses.  Examples  of  telemetry 
FFTs  are  shown  in  Fig.4  and  Fig.5. 

RESULTS 

The  sixteen  detectors  in  each  of  the  six  band  pairs  for  the 
four  scenes  showed  a  relatively  similar  2x  range  of  standard 
deviations  (SD)  from  ±  0.1  to  +  0.2  pixels.  However,  there 
was  within-scene  systematic  and  coherent  behavior,  as  seen  in 
Fig.l  and  Fig.2.  One  measure  of  the  precision  of  the  ID-Z 
score  procedure  is  the  magnitude  of  the  error  bars  on  each  of 
the  points  in  Fig.2.  These  SMZ  error  bars  were  lowest  for 
the  within-focal  plane  band  pairs  (B1  to  B3  and  B5  to  B7)  at 
±  0.01  and  +  0.02  for  L4  and  L5,  respectively.  Between-focal 
plane  band-pairs  (1  to  7,  3  to  7, 1  to  5,  and  3  to  5)  were  up  to 
a  factor  of  5x  and  lOx  higher  for  L4  and  L5,  respectively. 
Identical  SD  SMZ  results  were  obtained  for  each  band-pair  in 
adjacent  scenes  to  within  ±0.01.  The  inference  is  that  the 
rq)eatable  larger  changes  of  registration  for  between-focal 
plane  band-pairs  are  real  and  are  either  instrument-  or  scene- 
based,  not  procedure  limited.  The  reproducibility  of  the 
smallest  SMZ  SD  error  bars  of  0.01  when  combined  with  the 
actual  obsCTved  SD  range  of  0.1 -0.2  pixels  indicates  a 
precision  for  the  ID-Z  score  procedure  of  ±0.001-±0.002 
pixels  for  the  band  average  misregistration.  Significance  was 
demonstrated  by  the  0.7-0.9  correlations  between  individual 
detected  results  within  band-pairs  and  by  the  0.9- 1.0 
correlations  between  the  four  average  misregistration  patterns 
for  between  focal  plane  band  pairs.  This  procedure  therefore 
provides  the  desired  high  sensitivity  for  future  studies  of  the 
origin  of  within-  and  between-scene  variability  of  B-B 
registration. 

FFTs  of  the  SM  results  showed  a  single  peak  at  1.99  Hz 
for  all  six  band-pair  plots  in  both  L4  scenes  versus  scan 
number.  Plots  of  all  pairs  showed  the  same  peak  in  the  two 
L5  scenes,  plus  a  smaller  peak  at  1.20  Hz,  as  in  Fig.3. 


FFTs  of  First-Half  and  Second-Half  Scan  Mirror  errors 
from  the  PCD  contained  identical  1.99  and  1.20  Hz  peak 
patterns  as  in  the  SM  results,  as  in  Fig.4. 

FFTs  of  L5  telemetry  of  both  scenes  revealed  nearly 
reproducible  x-axis  ADS  peaks  of  decreasing  magnitude  at 
1.95,  2.15,  2.21,  2.03,  0.78  and  0.40  Hz.  Peaks  in  the  y- 
and  z-axes  ADS  FFTs  were  smaller.  The  y-axis  peaks  were  at 
1.1  and  0.8  Hz,  and  the  z-axis  peaks  were  at  1.95,  0.78,  1.6, 
and  0.4  Hz.  L5  x-axis  gyro  peaks  of  decreasing  magnitude 
were  at  0.40,  1.95,  2.15,  2.21,  2.03  and  0.78  Hz,  as  in 
Fig.5.  The  y  axis  did  not  have  peaks  and  the  z-axis  had  peaks 
at  0.4  and  0.8  Hz. 

FFTs  of  L4  ADS  showed  a  single  2.27  Hz  peak  in  the  x- 
and  y-axes,  and  smaller  amplitude  peaks  in  the  z-axis  at  0.8, 
2.3, 1.8,  1.4  and  1.0  Hz.  FFTs  of  L4  gyro  showed  no  peaks 
in  the  y-  or  z-axes  and  small  x-axis  gyro  peaks  of  decreasing 
amplitude  at  2.27, 0.38,  0.8,  and  0.6  Hz. 

CONCLUSIONS 

A  ID  Z-score  SM  procedure  has  been  demonstrated  with  a 
precision  of  better  than  +0.002  30m  pixels. 

FFTs  of  Scan  Mirror  Errors  were  similar  to  SM  FFTs. 

Below  3  Hz,  ADS  and  gyro  FFTs  were  not  like  SM  FFTs. 

During  the  course  of  this  study,  it  was  observed  that  the 
avaage  time  betv,3en  forward  scans  on  L5  inaeased  frran 
142.7  to  144.2  msec  from  1984  to  1992.  This  0.75  msec 
increase  in  a  scan  is  equivalent  to  about  80  30m  pixels. 
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The  illustrative  results  in  the  five  figures  below  are  derived 
from  a  raw  uncalibrated  unresampled  Level-0  Landsat-5  (L5) 
Thematic  Mapper  (TM)  image  and  its  associated  Payload 
Correction  Data.  These  specific  within-scene  analyses  aie 
drived  from  a  TM  scene  acquired  on  June  6,  1984  on  Path 
172  and  Row  71  of  the  Landsat-4/5  World  Refaence  System. 
They  are  almost  identical  to  results  obtained  on  the  adjacent 
Row  72  scene.  Results  for  the  two  Landsat-4  TM  scenes 
were  similar,  except  for  the  presence  of  only  a  single  2  Hz 
peak  in  the  equivalent  Figs.3  and  4. 


Fig.  1.  Scan-by-Scan  Sample  Misregistration  of  the  same 
Detector  (16)  in  Landsat-5  Band  3  and  Band  5 


Forward  Scan  Number,  NFS  (unitless) 

Fig.  2.  Scan-by-Scan  Sample  Misregistration  of  the  Average 
Z-Scores  of  the  16  Detectors  in  the  L5  B3  TO  B5  band-pair 
(the  average  SD  error  bar  on  each  of  the  187  points  is  ±0.13) 


Frequency,  f  (Hz) 

Fig.  3.  FFT  Frequency  Spectrum  for  the  B3  TO  B5  Plot  in 
Fig.  2,  illustrating  Peaks  at  1.2  and  2.0  Hz 


Fig.  4.  Row  71  FFT  Frequency  Spectrum  of  1st  Half  Scan 
Mirror  Errors,  illustrating  Peaks  at  1.2  and  2.0  Hz 
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Fig.  5.  Row  71  FFT  Frequency  Spectrum  of  X-Axis  Gyro 
Telemetry,  illustrating  Peaks  not  seen  in  Fig.  3 
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Abstract:  Environmental  parameters  can  be  extracted 
from  the  integration  of  Remote  sensed  images  data  coming 
from  other  sensors  but  they  need  a  geolocation  to  allow  the 
integration  of  these  data. 

The  geolocation  process  depends  on  several  factors:  Earth- 
Satellite  geometry,  Scanning  geometry,  mapping 
projection.  Data  fusion  of  preprocessed  data  can  be  done  in 
the  following  ways: 

-  addition  of  data  of  the  various  sources  (overlay)  without 
the  same  coverage; 

-  real  fusion  of  data  (combination). 

Data  fusion  need  data  alignment  and  implies  a  common 
time  base  and  a  common  spatial  coordinate  system. 

Here  follows  an  environment  parameter  extraction  as 
combination  of  the  data  coming  from  different  SSM/I 
channels  and  a  comparison  with  the  same  parameter 
computed  with  the  IR  data  coming  from  Meteosat. 

INTRODUCTION 

Research  trend  in  flitiire  years  is  oriented  towards  the 
development  of  integrated  systems,  which  collect 
information  coming  from  various  sensors,  and  distribute  it 
both  to  ground  controllers  and  to  final  users. 

SSM/I  IMAGES  CHARACTERISTICS 

The  Special  Sensor  Microwave/Imager  Instniment 
(SSM/I),  a  passive  microwaves  satellite  radiometer,  has 
the  advantage  over  optical  and  infrared  sensors  and  can 
observe  large  portions  of  the  earth’s  surface  trough  clouds 
both  during  night  and  day.  The  first  SSM/I  was  lounched 
with  the  Defense  Meteorological  Satellite  Program 
(DMSP)  Block  5d-2  F8  spacecraft  on  June  19,  1987,  and 
operates  in  a  circular  sun-syncronous  near  polar  orbit  at  an 
altitude  of  860  km  with  an  orbit  inclination  of  98.8  deg 
and  orbit  period  of  102  minutes.  The  orbit  produces  14 
revolutions  every  24  hours  [1].  The  SSM/I  is  a  conical 
scanning  instrument  rotating  continuously  about  the 
vertical  axis  and  sampling  the  earth  at  scan  angles  ±51.2 
degrees  about  the  aft  direction  of  the  spacecraft  (See  Fig. 
1) 

SSM/I  data  are  not  directly  available  but  they  have  to  be 
gathered  from  agencies  such  as  NOAA,  which  submit  data 
to  a  pre-processing  and  distribute  them  to  the  scientific 
community.  The  data  used  in  this  work  come  from  the 
WetNet  source  and  have  been  extracted  in  raw  format  with 
the  Mcldas  Software  [2]. 

The  SSM/I  Instniment  measures  the  Top  of  atmosphere 
temperature  at  19.35,  37.0,  and  85.5  GHz  both  in  the 
0-7803-3068-4/96$5.00©1996  IEEE 


horizontal  and  vertical  polarizations,  and  at  22.235  GHz 
channel  in  the  vertical  polarization  only. 


The  spatial  resolution  of  passive  microwave  sensors 
depends  both  on  the  antenna  size  and  frequency.  As  the 
SSM/I  instniment  uses  one  parabolic  reflector  for  all 
frequency  [3],  [4],  the  spatial  resolution  improves  with 
increasing  frequency  (see  Tab.  I)  [3],  [4]. 

Unfortunately,  geolocation  errors  in  eccess  of  20-30  km 
have  been  routinely  obser\^ed  when  comparing  SSM/I 
imagery'  of  coastlines,  lakes,  and  islands  to  world 
shorelines  and  island  geolocated  points  [4]. 

Table  I 

Spatial  resolution  and  sampling  interval  of  SSMI  channels 


Channel  Frequency  (GHz) 

19.35 

22.23537.0 

85.5 

Polarization  v/h 

v/h 

V 

v/h 

v/h 

Integration  time  (ms) 

7.95 

7.95 

7.95 

3.89 

Resolution  along  track  (km) 

69 

60 

37 

15 

Resolution  along  scan  (km) 

43 

40 

28 

13 

Sampling  Interval  (km) 

25 

25 

25 

12.5 

COMMON  MAP  PROJECTION 


To  obtain  a  map  in  a  common  cartographic  projection  the 
Mercatore  one  has  been  used.  It  has  the  advantages  of 
being  a  conformal  transformation  with  perpendicular  grid. 
The  following  formula  is  used: 
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m  =  Hq  ln(tan(7r/4  +  lat/2))  -  aj  sin(lat)  -  ^2  sin^(lat)  + 

-  a3  sin^(lat)  [min] 

where  the  coefficients  are  computed  for  an  earth 
eccentricity  taken  by  the  Clark  ellipsoid. 

The  coefficients  of  the  Mercatore  transformation  for 
e=0.08227185422are: 

ao  =  3437.74677078  [min]; 
aj  -23.268932  [minj; 

^2  =  0.0525  [mill]; 

a3  =  0.000213  [min]. 


DMSP  orbit  superimposed  to  a  map  of  Europe  sampled  from  a 
map  by  Italian  Navy  Idrographic  Institute. 

The  digital  map  used  was  produced  by  sampling  coastlines 
of  the  Italian  Navy  Idrographic  Institute,  Map  Number 
340/INT  301  scale  1:2,250,000  (41  deg  30'  N)  Mercatore 
projection,  Datum  ED50.  (see  Fig.  2) 

METEOSAT  IMAGE  CHARACTERISTICS 

The  cylindrically  shaped  spacecraft  measures  210  cm  in 
diameter  and  430  cm  in  length,  including  the  apogee  boost 
motor.  The  primaiy  stnictural  members  are  an  equipment 
platform  and  a  central  tube.  The  radiometer  telescope  is 
mounted  on  the  equipment  platform  and  views  the  earth 
through  a  special  aperture  in  the  side  of  the  spacecraft.  A 
support  structure  extends  radially  out  from  the  central 
tube,  and  is  affixed  to  the  solar  panels,  which  form  the 
outer  walls  of  the  spacecraft  and  provide  the  primary 
source  of  electrical  power.  Proper  spacecraft  attitude  and 
spin  rate  (approximately  100  rpm)  are  maintained  by  Jet 
thrusters  mounted  on  the  spacecraft  and  activated  by 
ground  command.  The  spin-stabilized,  geostationary 
spacecraft  carries  a  visible-IR  radiometer  to  provide  high- 
quality,  day/night  cloud-cover  data  and  to  take  radiance 
temperatures  of  the  eartli/atmosphere  system,  and  a 
meteorological  data  collection  system  to  disseminate 
image  data  to  user  stations,  to  collect  data  from  various 
earth-based  platforms,  and  to  relay  data  from  polar- 
orbiting  satellites. 


At  the  Electronic  Engineerig  Dept,  of  University  of 
Florence  is  operative  a  primary  receiving  station  for 
Meteosat  PDUS  images  and  NOAA  AVHRR  HRPT 
images  and  Meteosat  WEFAX  images.  Other  sensors' 
image  are  collected  by  the  means  of  computer  networks. 
The  available  images  are  both  in  the  high  resolution 
digital  format  and  the  low  resolution  WEFAX  format. 
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Fig.  3  -  Frame  of  a  Meteosat  Wefax  image.  Image  dimensions 
are  840x800x8  bit/pixel 

To  relate  the  x,y  [pixel]  coordinates  of  the  Meteosat  Wefax 
raster  image  to  the  X,  (|)  geographical  coordinates,  the 
following  formulas  have  been  used: 

•  sinX  •  cos^ 

(^  ^o)  +  1  -  cos^  •  cosl 

hf  •  sm(j> 

k  '(y-  yo)  =  ",  ;  T  T 

hf  1-  cos^z)  •  cos  A 

where: 

X,  y  :  coordinates  in  pixel  of  the  original  image; 

X,  (|):  geographical  coordinates; 
hf  :  height  of  satellite  in  Earth  radii; 
k  :  scale  constant; 
xq  :  subsatellite  point; 
yq  :  subsatellite  point. 

By  the  means  of  the  knowledge  of  four  true  points  it  is 
possible  to  calculate  these  parameters  as  the  solution  of  a 
linear  system.  The  obtained  coefficients  are: 
h(  =  3.036  k  =  6.98*10-'^ 

.\0  =  399  y0  =  -410 

Now  it  is  possible  to  resample  the  image  on  a  regular  X,  ([) 
geographical  coordinates  grid  by  a  bilinear  interpolation 
using  the  following  formula: 

T{XJ)  =  (1  +  7  -  x)(i  -  y)[(f>(i,J)  -  +  1,/)]  + 

+(/  -  x)(i  -  y)[^(/  +  1,7  +  I)  -  +  1)]  + 

-f(l  -  j  -  +  1,7)  -  (7  -  x)^(i  +  1,7  +  1) 

RESULTS 

To  validate  the  wind  speed  results  obtained  by  analizing 
the  SSM/I  data,  a  Meteosat  image  was  used  (Fig.  4  and  5). 
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The  SSM/I  data  are  relative  to  the  2  november  1992,  15:58 
UTC  while  the  Meteosat  images  are  relative  to  the  same 
day  and  sensed  at  15:30  and  16:30  UTC  [21,  [7]. 

The  wind  speed  is  computed  from  the  SSM/I  sensor  using 
the  D-Matrix  formula: 

IF  =  147.90  + 1.0969-75,5^  -0.4555  - 1.7600 -  753,,.  +0.7860-753,^ 

This  equation  is  valid  only  over  open  ocean  where  the 
wind  speed  is  in  m/s  referenced  to  a  height  of  about  20  m 
above  the  surface.  The  hypotesis  of  open  ocean  is  valid  at 
least  100  km  off  the  shores  [6]. 

The  wind  speed  values  are  computed  from  the  meteosat  IR 
images  with  a  segmentation  and  a  correlation  in  different 
images  in  the  same  sequence. 

Tab.  II 

values  of  wind  speed  in  the  open  see  between  Sardinia  and 
Sicily  computed  from  Meteosat  IR  images 
Time  UTC  Speed  m/s 
14:30  25.0 

15:30  28.9 

16:30  22.2 

Tab.  II  reports  the  values  of  wind  speed  in  the  open  see 
between  Sardinia  and  sicily  computed  in  [7].  The  D-Matrix 
result  shows  values  around  22  m/s  that  is  a  quite  good 
match. 
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Fig.  4  “  hifrared  Meteosat  Image  in  Mercatore  projection  of  the 
2  november  1992,  15:30  UTC.  The  lighter  pixels  represent  a 
greater  concentration  of  clauds,  showing  a  perturbation.  Tlie 
values  are  brightness  temperature  [K]. 


Fig  5  -  Resuls  of  the  wind  speed  computation  based  upon  the 
SSM/I  data  superimposed  to  a  map  of  the  mediterranean  basin  in 
Mercatore  projection.  It  shows  higher  speeds  where  the  Meteosat 
image  shows  perturbations.  The  winds  closest  to  the  shores 
result  faster  due  to  the  presence  of  the  coasts.  Values  of  the  wind 
speed  are  in  [m/s]. 
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Abstract  -  The  relatively  low  resolution  of  the  Special 
Sensor  Microwave/Imager  (SSM/I)  radiometer  limits 
its  utility  in  vegetation  studies.  However,  resolution 
enhancement  techniques  can  be  used  to  ameliorate 
this  limitation.  To  this  end  the  Backus  Gilbert  In¬ 
version  (BGI)  technique  and  a  modified  form  of  the 
the  Scatterometer  Image  Reconstruction  (SIR)  algo¬ 
rithm  are  investigated  as  methods  to  create  enhanced 
spatial  resolution  images  from  SSM/I  data.  A  new 
method  for  generating  cloud- free  composite  images 
is  presented.  The  utility  of  the  composite  images  is 
illustrated  through  a  tropical  vegetation  discrimina¬ 
tion  study  of  general  vegetation  classes.  An  over¬ 
all  discrimination  accuracy  of  81.4%  is  achieved  for 
14  classes  with  most  of  the  misclassification  within 
broader  vegetation  categories. 


1.  INTRODUCTION 

While  microwave  radiometer  data  has  wide  application 
in  ocean  sensing,  its  relatively  low  spatial  resolution  lim¬ 
its  its  use  in  vegetation  studies.  Two  spatial  resolu¬ 
tion  enhancement  algorithms  have  been  developed  for 
microwave  data.  The  first,  based  on  the  Backus-Gilbert 
Inversion  (BGI)  method,  has  been  applied  to  SSM/I  data 
for  both  resolution  enhancement  and  optimal  interpola¬ 
tion  [2,  7].  The  second,  known  as  the  Scatterometer  Im¬ 
age  Reconstruction  (SIR)  algorithm  [4] ,  originally  devel¬ 
oped  for  Seasat-A  scatterometer  data,  has  been  adapted 
for  use  with  SSM/I  data  [3].  In  this  paper  we  compare  the 
performance  of  these  algorithms  for  generating  enhanced 
resolution  brightness  images  over  land  areas  from  SSM/I 
data.  Because  the  images  may  be  adversely  affected  by 
spatial  variations  in  the  atmospheric  profile  over  the  sur¬ 
face  we  have  developed  an  algorithm  to  generate  cloud- 
free  enhanced  resolution  composite  images  from  multiple 
passes  of  the  study  region.  The  vegetation  discrimina¬ 
tion  potential  of  these  composite  SSM/I  images  is  then 
explored  in  a  simple  discrimination  experiment. 


IL  SSM/I  RESOLUTION  ENHANCEMENT 

Ignoring  the  effects  of  the  atmosphere,  an  SSM/I  antenna 
temperature  measurement  can  be  modeled  as  the  integral 
of  the  product  of  the  surface  brightness  and  the  antenna 
pattern.  The  antenna  pattern  acts  as  a  low  pass  filter 
of  the  surface  brightness,  limiting  the  effective  resolution 
of  the  measurement.  Clouds  and  precipitation  lower  the 
measured  brightness  temperature  with  higher  frequencies 
progressively  more  sensitive.  The  reduction  in  bright¬ 
ness  temperature  can  be  confused  with  surface  features. 
Further,  the  clouds  attenuate  the  polarization  differences 
caused  by  the  geometric  or  chemical  composition  of  dif¬ 
ferent  surface  types.  This  prevents  the  surface  polariza¬ 
tion  difference  from  being  used  to  discriminate  between 
vegetation  types  and/or  standing  water.  Improving  the 
spatial  resolution  and  eliminating  clouds  can  make  SSM/I 
data  more  useful  in  vegetation  studies. 


A.  The  Backus- Gilbert  Inversion  Method 

A  number  of  authors  have  used  Backus-Gilbert  Inversion 
(BGI)  spatial  resolution  and/or  perform  optimal  interpo¬ 
lation  of  SSM/I  data  to  either  higher  or  lower  resolution 
[2,  6,  7].  In  resolution  enhancement,  BGI  produces  a 
weighted  least  squares  estimate  of  the  surface  brightness 
on  a  rectilinear  surface  grid  finer  than  the  intrinsic  reso¬ 
lution  of  the  sensor.  To  estimate  the  brightness  tempera¬ 
ture  for  a  given  pixel,  a  linear  combination  of  N  “nearbV’ 
measurements  is  used.  While  there  is  not  a  unique  solu¬ 
tion  for  the  coefficients  of  the  linear  combination,  regular¬ 
ization  permits  a  subjective  tradeoff  between  noise  level 
in  the  image  and  resolution.  A  noise  tuning  parameter,  7, 
which  can  vary  from  0  to  tt,  must  be  subjectively  chosen 
and  controls  tne  tradeoff  between  resolution.  A  detailed 
description  of  the  BGI  algorithm  is  given  by  [6]  and  [7]. 
Following  [7]  the  dimensional  BGI  tuning  parameter  uj  is 
set  to  0.001. 

The  resulting  image  is  effected  by  choice  of  N  and  the 
relative  locations  and  gain  patterns  of  the  nearby  mea¬ 
surements.  Restricting  the  size  of  the  local  region  defin¬ 
ing  “nearby”  measurements  reduces  the  computational 
load  at  the  expense  of  accuracy.  Increasing  N  to  include 
additional  nearby  measurements  improves  the  accuracy 
of  the  resolution  enhancement. 

B.  The  SIR  Algorithm 

The  Scatterometer  Image  Reconstruction  (SIR)  algo¬ 
rithm  was  originally  designed  to  produce  scatterometer 
images  [4]  but  has  been  adapted  for  radiometer  mea¬ 
surements  [3].  It  produces  radiometric  images  via  an 
iterative  procedure  from  an  initial  brightness  estimate. 
The  procedure  is  non-linear  and  depends  on  the  antenna 
pattern  dimension,  shape,  and  measurement  overlap  to 
obtain  resolution  enhancement.  The  SIR  algorithm  is 
a  variation  of  the  multiplicative  algebraic  reconstruction 
technique  (MART),  a  maximum  entropy  reconstruction 
method.  SIR  uses  a  predicted  value  of  brightness  tem¬ 
perature  of  each  measurement  and  compares  that  to  the 
actual  measurement  to  generate  an  update  term.  When 
measurements  from  multiple  passes  are  combined,  fur¬ 
ther  resolution  enhancement  along  with  noise  reduction 
is  possible  [4].  Multiple  passes  cannot  be  used  with  BGI 
due  to  the  occurrence  of  singular  matrices  when  two  mea¬ 
surements  fall  on  top  of  eacn  other. 

C.  Algorithm  Comparison 

While  BGI  has  previously  been  applied  to  SSM/I  data 
[2]  [6]  [7] ,  SIR  has  not  been  previously  applied  to  radiome¬ 
ter  data.  Comparisons  of  the  algorithms  using  simulated 
measurements  suggest  that  SIR  can  provide  higher  res¬ 
olution  but  is  noisier  than  BGI  [3].  A  tradeoff  between 
noise  reduction  and  resolution  is  possible  with  BGI  while 
SIR  provides  objective  resolution  enhancement. 

To  compare  the  performance  of  the  BGI  and  SIR  algo¬ 
rithms  with  actual  data,  a  19  GHz  V-pol  descending  pass 
of  FIO  SSM/I  (September,  1992)  was  used.  The  results 
of  SIR  and  BGI  with  7  =  0  are  shown  in  Fig.  1.  Sub¬ 
jectively,  while  SIR  exhibits  a  greater  contrast  along  the 
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rivers,  the  BGI  and  SIR  images  appear  very  similar.  The 
BGI  image  seems  a  bit  smoother  but  not  significantly 
more.  A  major  difference  between  the  algorithms  is  pro¬ 
cessing  time.  The  SIR  image  required  only  1/50  of  the 
computation  time  of  the  BGI  algorithm. 

Since  the  results  are  similar  for  BGI  and  SIR,  and  not¬ 
ing  the  reduced  computational  load,  we  have  adopted  the 
SIR  algorithm  for  processing  the  images  used  in  this  pa¬ 
per. 

III.  CLOUD  REMOVAL 

While  multi-channel  and/or  multisensor  algorithms  for 
cloud  removal  have  been  developed,  we  use  single  chan¬ 
nel  enhanced  resolution  images  to  avoid  introducing  spu¬ 
rious  correlation  between  the  channels.  Our  algorithm 
is  based  on  the  idea  that  brightness  variations  over  an 
area  are  caused  by  small-scale,  temporal  atmospheric  ef¬ 
fects  (clouds)  rather  than  temporal  changes  in  the  sur¬ 
face  brightness.  Using  multiple  passes  over  the  surface  we 
generate  a  composite  image  which  represents  the  effective 
surface  brightness  temperature  over  a  two  week  period. 
The  composite  image  is  generated  from  enhanced  resolu¬ 
tion  images  generated  from  each  descending  pass.  Two 
weeks  of  similar  time-of-day  SSM/I  data^  (Sept.  1992) 
are  used  in  the  images  which  follow.  During  this  period 
each  pixel  is  observed  from  5  to  10  times.  Extending  the 
observation  period  increases  the  number  of  observations 
but  seasonal  brightness  variations  become  a  greater  con¬ 
cern. 

Since  the  atmospheric  distortion  (clouds)  generally 
lowers  the  brightness  temperature  measurements  over 
land,  high  pixel  values  have  the  leeist  atmospheric  influ¬ 
ence.  Hence,  [1]  selected  the  second- highest  pixel  value 
from  the  measurement  ensemble  as  the  composite  pixel 
value.  To  improve  the  performance  of  this  algorithm, 
we  use  a  modified  maximum  average  (MMA).  This  al¬ 
gorithm  estimates  the  cloud-free  surface  brightness  of  a 
pixel  by  choosing  a  subset  of  pixel  values  from  the  ensem¬ 
ble  of  measurements  of  that  pixel  and  then  averaging  the 
selected  values  together.  By  properly  selecting  the  sub¬ 
set  from  the  ensemble,  the  cloud  distortion  is  eliminated. 
Averaging  of  the  subset  reduces  the  noise  and  attenuates 
any  residual  bias. 

In  MMA  the  sample  mean  of  the  ensemble  is  computed. 
A  subset  of  measurements  greater  than  the  mean  is  se¬ 
lected,  The  highest  value  of  this  subset  is  then  elimi¬ 
nated.  The  average  of  the  remaining  measurements  is  the 
composite  pixel  value.  A  detailed  analysis  of  this  tech¬ 
nique  is  given  in  [3].  The  variance  of  the  MMA  estimate 
is  lower  than  that  of  the  second-highest  algorithm.  Like 
the  second-highest  estimate,  the  MMA  estimate  is  biased 
high;  however,  the  MMA  bias  is  less  than  the  second- 
highest  estimate. 

IV.  VEGETATION  DISCRIMINATION  EXPERIMENT 

Composite  images  were  created  for  each  SSM/I  channel 
with  the  aid  of  SIR  and  MMA  (Fig.  2).  To  illustrate  the 
utility  of  these  images,  they  are  used  in  a  simple  tropi¬ 
cal  vegetation  discrimination  experiment.  With  the  aid 
of  a  large  scale  vegetation  map  [8],  large  homogeneous 
regions  are  delimited  for  14  different  vegetation  forma¬ 
tions  within  a  study  region  in  central  South  America. 
Pixel  values  from  the  composite  19H,  19V,  22V,  37H, 
37V,  85H  and  85V  images  are  extracted  for  each  delim¬ 
ited  region.  Table  1  summarizes  the  radiometric  values 
for  the  14  vegetation  formations  sampled. 

Generally,  the  brightness  temperature  is  lower  for  sa¬ 
vanna  vegetation  classes  than  for  woodland  and  forest 
classes.  The  lack  of  suitable  in  situ  data  to  describe 
the  vegetation  characteristics  in  sufficient  detail,  cou¬ 
pled  with  the  wide  range  of  parameter  values  within  a 
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given  vegetation  class,  preclude  developing  detailed  veg¬ 
etation  emission  models  for  each  vegetation  class.  How¬ 
ever,  a  simple  empirical  approach  can  be  used  to  initially 
evaluate  the  potential  of  tne  composite  images  for  veg¬ 
etation  discrimination.  Following  [5]  radiometric  values 
from  the  composite  images  are  used  to  train  a  simple, 
non-parametric,  supervised  classifier  for  the  vegetation 
class.  This  approach,  in  effect,  treats  any  variations  of  the 
radiometric  response  within  a  vegetation  class  as  noise. 
The  results  provide  a  simple  estimate  of  the  performance 
which  coulcf  be  achieved  with  more  sophisticated  tech¬ 
niques  or  if  emission-modifying  effects  were  to  be  incor¬ 
porated  into  the  classifier.  All  7  SSM/I  channels  are  used 
in  this  experiment. 

In  the  experiment  one-third  of  the  pixels  from  each  of 
the  vegetation  formations  constitute  the  training  set  for 
the  discriminator  with  the  remaining  two-thirds  acting 
as  the  withheld  data  set.  The  assignment  of  a  pixel  to  a 
particular  set  is  random.  After  training  with  the  training 
set,  a  common  first-nearest  neighbor  classifier  is  used  to 
assign  test  pixels  from  the  withheld  set  to  a  predicted  veg¬ 
etation  class.  The  results  of  this  experiment  are  shown  in 
Table  2.  In  this  table  the  agreement  between  each  pixel’s 
predicted  and  actual  group  is  summarized  in  confusion 
matrix  form.  The  quality  of  the  supervised  classification 
is  shown  as  a  simple  percentage  accuracy  for  each  of  the 
actual  vegetation  groups. 

Attempts  to  classify  the  original  14  classes  produced  an 
overall  classification  accuracy  of  81.4%.  As  shown  in  Ta¬ 
ble  2,  most  of  the  misclassification  is  within  the  broader 
vegetation  categories.  In  general,  the  savanna  and  wood¬ 
land  categories  are  more  accurately  classified  than  the 
forest  categories.  The  results  of  this  simple  experiment 
suggest  that  radiometer  data  can  be  used  for  studies  of 
tropical  vegetation. 

V.  CONCLUSION 

A  comparison  of  two  different  methods  for  improving  the 
spatial  resolution  of  SSM/I  images  has  been  presented 
The  best-possible  resolution  enhancement  is  similar  for 
the  two  algorithms.  While  SIR  is  objective  and  max¬ 
imizes  resolution  enhancement,  BGI  permits  subjective 
tradeoffs  between  resolution  enhancement  and  noise  re¬ 
duction.  SIR  can  be  used  with  multiple  passes  and  re¬ 
quires  less  computation.  A  new  algorithm,  the  modified- 
maximum  average  (MMA)  algorithm,  for  generating  a 
cloud-free  composite  image  of  the  surface  brightness  tem¬ 
perature  has  also  been  presented.  Using  these  algorithms, 
composite  images  of  the  Amazon  basin  have  been  gener¬ 
ated  and  used  in  a  simple  vegetation  discrimination  ex¬ 
periment. 
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Vegetation  Formation 
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Table  1.  Mean  brightness  temperature  for  vegetation  formations. 
Actual  temperatures  are  obtained  by  adding  280  K  to  the  tabled  values. 
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Table  2.  Confusion  matrix  produced  from  the  vegetation  classification  experiment. 
Class  abbreviations  are  defined  in  Table  1. 


Figure  2.  Composite  Images  of  Amazon  Basin  for  1-15  September,  1992. 
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ABSTRACT —  Image  registration  is  a  critical  operation  in 
digital  change  detection  to  correct  for  spatial  image-to-image 
displacement.  One  challenging  problem  in  this  area  is  the 
automated  registration  with  higher  levels  of  accuracy.  In  this 
paper,  we  explored  the  basic  elements  for  an  automated  image 
registration  system  based  on  image  segmentation.  The 
technique  used  region  boundaries  and  strong  edges  as  the 
matching  primitives,  and  chain-code  correlation  as  the 
similarity  function.  A  mapping  between  the  two  images  was 
formed  by  interpolation  and  used  to  resample  the  images.  The 
method  is  automatic  and  computationally  efficient. 


There  are  mainly  two  classes  of  automated  registrations:  the 
area-based  and  feature-based  methods  [3],  [4].  In  the  area- 
based  method,  a  small  window  of  points  in  the  base  image  is 
statistically  compared  with  windows  of  the  same  size  in  the 
reference  image.  Feature-based  methods  extract  and  match  the 
common  structures  from  two  images  [3].  In  this  paper,  the 
basic  elements  for  an  automated  image  registration  protocol 
based  on  [3]  are  explored.  This  procedure  consists  of  the 
following  steps:  (1)  image  segmentation;  (2)  contour  Match 
and  control  point  selection;  and  (3)  transformation  parameter 
estimation. 


I.  Introduction 


II.  Image  Segmentation 


Image  registration  is  an  inevitable  problem  arising  in  many 
image  processing  applications  whenever  two  or  more  images 
of  the  same  scene  have  to  compared  pixel  by  pixel  [1].  In 
digital  change  detection,  it  is  an  essential  precursor  to  the  use 
of  remotely-sensed  data  for  change  detection  purpose  [2]. 
Almost  all  the  existing  change  detection  algorithms  depend 
considerably  on  reasonably  accurate  image  registration  to  be 
workable.  The  research  in  [2]  indicates  that  in  the  absence  of 
any  actual  changes  to  the  land  surface,  the  consequences  of 
misregistration  were  very  marked  even  for  subpixel 
misregistrations,  which  strongly  suggests  that  higher  levels  of 
image  registration  must  be  achieved  for  an  operational  change 
detection  system  to  accurately  detect  changes  on  the  ground. 

Existing  image  registration  techniques  fall  into  three  broad 
categories:  manual  registration,  semiautomatic  registration, 
and  automatic  registration.  Manual  registration  techniques 
have  been  extensively  used  in  practical  applications.  However, 
these  techniques  are  subject  to  inconsistency,  limited  accuracy, 
and,  in  some  instances,  lack  of  availability  of  reference  data. 
Also  manual  registration  is  a  repetitive  and  labor-intensive 
task,  especially  when  several  Thematic  Mapper  (TM)  scenes 
(over  6000x6000  pixels  for  each  TM  scene)  are  involved  in 
change  detection  implementation.  Therefore,  it  is  necessary  to 
introduce  automated  procedures  when  higher  accuracy  is 
desired  and  image  analysis  is  subject  to  time  constraints  [1]. 


Points,  straight  lines,  arcs,  and  closed  contours  are  four  basic 
matching  primitives  [7].  All  of  these  primitives  are  edge 
points.  Therefore,  image  segmentation  is  the  first  task  in 
automated  image  registration  implementation.  Since 
convolution  is  an  associative  and  accumulative  operation,  the 
Laplacian  of  Gaussian  (LoG)  operator  combines  smoothing 
and  second  derivative  operations  into  one  operation.  For  these 
reasons,  we  used  the  LoG  zero-crossing  operator  as  the  edge 
detector  in  our  experiments.  The  operator  can  be  expressed  as: 


2  2 

LoG(x,  y)  =  ^G(x,  y) +^G(x,  y)  (1) 

where  G(x,y)  is  Gaussian.  Taking  the  second  derivative  of  the 
G(x,y),  we  obtain  the  Laplacian  of  Gaussian  operator  as 
follows: 


LoG(x,  y) 


1  rxUy2 
2710^^1  02 


x2  +  y2>| 

■  2a2  J 


(2) 


where  a  is  the  variance  of  the  Gaussian.  The  central 
negative  area  of  the  resultant  kernel  is  a  disk  of  radius  a/Ig  . 
Therefore,  the  domain  of  the  LoG  kernel  must  be  at  least  as 
large  as  a  disk  of  radius  372a . 


Based  on  the  image  obtained  by  convolving  the  original 
image  with  the  LoG,  edges  are  found  at  zero-crossing  points. 
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Because  of  the  discrete  nature  of  data  representation,  the 
determination  of  zero-crossings  is  not  without  problems  [7].  A 
method  suggested  in  [4]  uses  a  threshold  to  remove  weak  edge 
points.  An  edge-strength-based  two-threshold  scheme  was 
proposed  in  [3]  to  choose  the  strongest  edge  points.  For 
simplicity,  we  used  a  method  that  we  called  virtual  zero-plane 
fitting  to  find  the  zero-crossing  points,  i.e,  the  edge  points.  This 
ensures  closed  contours  and  correct  connections  at  T- 
junctions.  The  starting  points  were  picked  up  when  they  were 
first  scanned  by  a  raster  scan  search,  and  the  pixels  on  the 
boundary  were  flagged  as  zero  crossings.  In  the  contour 
refinement  process,  short  contours  and  weak  edges  were 
discarded  before  the  match  process  was  applied.  The 
segmentation  results  after  contour  refinement  are  shown  in 
Fig.  1  (c)  and  (d).  In  our  analysis,  the  standard  deviation  of  the 
LoG  operator  is  2.5,  and  the  digital  LoG  filter  is  15x15  pixels. 


in.  Contour  Match  and  Control  Point  Selection 

The  next  step  is  to  find  a  technique  to  efficiently  represent 
the  edge  points  for  matching  the  corresponding  contours.  One 
of  the  efficient  representations  of  digital  curves  is  chain  code. 
Chain  code  uses  a  sequence  of  integer  values  0-7  to  represent 
the  angle  change,  from  0°  to  315°  (-45°),  of  the  current  edge 
pixel  relative  to  its  previous  edge  pixel.  A  five-point  Gaussian 
filter  {0.0545,  0.2442,  0.4026,  0.2442,  0.0545}  was  used  to 
smooth  the  chain  code  for  further  correlation  evaluation. 
Example  image  contours  and  their  smoothed  chain  codes  are 
shown  in  Fig.  2  (a)  through  (d).  A  normalized  correlation 
measure  from  [3]  was  used  to  derive  the  similarity  function. 
We  simply  summarize  as  follows:  for  N-point  chain  code  (aj) 
of  contour  A  and  M-point  chain  code  (bj)  of  contour  B,  a 
similarity  function  is  defined  as  the  maximum  correlation 
between  two  n-point  segments  with  different  starting  points  k 
and  1: 
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where  a’j^^j  and  b'j^j  are  the  jth  normalized  chain  code 
components  from  starting  point  k  and  1  for  A  and  B 
respectively.  Normalization  was  done  by  removing  the  means 
of  (aj)  and  (bj).  For  detailed  descriptions,  the  reader  is 
referred  to  [3].  Based  on  the  similarity  values,  the  contours 
were  matched  to  each  other.  Their  centroids  were  then  used  as 
the  control  points  for  the  use  in  the  estimation  of 
transformation  parameters. 


(c)  (d) 


Fig.  1.  (a),  (b)  Two  Landsat  TM  test  windows  from  North 
Carolina  Coastal  Plain  acquired  in  the  Summer  and  Win¬ 
ter  1993  respectively;  (c),  (d)  Image  segmentation  results 
for  (a)  and  (b)  respectively. 


IV.  Estimation  of  Registration  Parameters 
Given  a  number  of  corresponding  control  points  from  two 


Fig.  2.  (a),  (b)  Sample  image  contours  detected  from  Fig.  1  (a) 
and  (b)  respectively;  (c),  (d)  The  smoothed  chain  code 
representations. 
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images,  the  transformation  parameters  can  be  estimated  for  the 
images.  The  registration  of  images  with  rotational, 
translational,  and  scaling  differences  can  be  expressed  as  the 
following  relationship: 


X 

=  s 

COS0  sin0 

X 

+ 

AX 

Y 

_-sin0  COS0 

Y 

AY 

where  (X,  Y)  and  (X,  Y)  are  two  corresponding  points  in  the 
transformed  image  and  reference  image  respectively;  and  (s,  0, 
AX,  AY)  are  the  transformation  parameters  and  correspond  to 
scaling,  rotational,  and  translational  differences  [3].  The  above 
equation  can  be  expressed  as  follows  by  substitution 
u  =  SCOS0  and  v  =  ssin0: 
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A  least  square  approach  was  used  to  determine  these  four 
transformation  parameters  (u,  v,  X,  Y)  from  matched  control 
points.  The  scaling  factor  s  and  rotation  angle  0  can  be 
obtained  from  u  and  v:  s  =  Vu^  + v^ ,  and  0=arctan(v/u)  for 
_?  <  0  <  5  .  The  image  to  be  transformed  was  resampled  based 
on  the  transformation  parameters.  The  matched  image  after 
registration  is  shown  in  Fig.  3. 

V.  Conclusions  and  Discussions 

In  this  paper,  we  explored  the  basic  elements  for  an 
automated  image  registration  procedure  using  Landsat  TM 
imagery.  These  elements  include  image  segmentation,  contour 
match  and  control  point  selection,  and  transformation 
parameter  estimation.  In  image  segmentation,  we  used  the  LoG 
operator  zero-crossing  edge  detector.  Chain  code  correlation, 
smoothed  and  normalized,  was  used  as  a  similarity  measure 
between  two  contours.  The  transformation  parameters  were 
estimated  based  on  the  matched  control  points.  The  first  stage 


Fig.  3.  Registration  of  two  test  windows  after  transformation. 


experimental  results  were  presented.  Based  on  our  study,  the 
technique  discussed  is  promising  in  terms  of  its  computational 
efficiency,  robustness,  and  usefulness  in  digital  change 
detection.  We  must  also  point  out  that  there  are  many 
problems,  such  as  noise  and  low  contrast  problems  in  the 
image  segmentation  process,  to  be  solved  for  an  automated 
image  registration  system  to  be  operational  in  practice. 

Acknowledgment 

This  work  was  partially  supported  by  the  National  Oceanic 
and  Atmospheric  Administration’s  CoastWatch-Change  Anal¬ 
ysis  Program  (C-CAP)  and  the  North  Carolina  Division  of 
Coastal  Management.  Authors  would  like  to  thank  Jing  Lu  of 
the  Bioinstrumentation  Lab  at  North  Carolina  State  University 
for  her  help  with  the  programming  in  this  research. 

References 

[1]  Anna  Della  Ventura,  Anna  Rampini,  and  Raimondo  Schet 
tini,  “Image  Registration  by  Recognition  of  Correspond¬ 
ing  Structures,”  IEEE  Transactions  on  Geoscience  and 
Remote  Sensing,  Vol.  28,  No.  3,  pp.  305-314,  May  1990. 

[2]  John  R.  G.  Townshend,  Christopher  O.  Justice,  Cahrlotte 
Gurney,  and  James  McManus,  “The  Impact  of  Misregis¬ 
tration  on  Change  Detection,”  IEEE  Transactions  on 
Geoscience  and  Remote  Sensing,  Vol.  30,  No.  5,  pp. 
1054-1060,  September  1992. 

[3]  Hui  Li,  B.  S.  Manjunath,  and  Sanjit  K.  Mitra,  “A  Contour 
Based  Approach  to  Multisensor  Image  Registration,” 
IEEE  Trans.  Image  Proc.,  Vol.  4,  No.  3,  pp.  320-334, 
March  1995. 

[4]  Robert  M.  Haralick,  and  Linda  G.  Shapiro,  Computer  and 
Robot  Vision,  Volume  I,  Reading,  MA:  Addison- Wesley, 
1993. 

[5]  Ardeshir  Goshtasby,  George  C.  Stockman,  and  Carl 
VPage,  “A  Region-Based  Approach  with  Subpixel  Accu¬ 
racy,”  IEEE  Transactions  on  Geoscience  and  Remote 
Sensing,  Vol.  GE-24,  No.  3,  pp.  390-399,  May  1986. 

[6]  Qinfen  Zheng,  and  Rama  Chellappa,  “A  Computational 
Approach  to  Image  Registration,”  IEEE  Transactions  on 
Image  Processing,  Vol.  2,  No.  3,  July  1993. 

[7]  Toni  Schenk,  Jin-Cheng  Li,and  Charles  Toth,  “Towards  an 
Autonomous  System  for  Orienting  Digital  Stereopairs,” 
Photogrammetric  Engineering  &  Remote  Sensing,  Vol. 
57,  No.  8,  pp.  1057-1064,  August  1991. 

[8]  Eric  J.  M.  Rignot,  Ronald  Kowk,  John  C.  Curlander,  and 
Shirley  S.  Pang,  “Automated  Multisensor  Registration: 
Requirements  and  Techniques,”  Photogrammetric 
Engineering  &  Remote  Sensing,  Vol.  57,  No.  8,  pp.  1029- 
1038,  August  1991. 

[9]  John  Canny,  “A  Computational  Approach  to  Edge  Detec¬ 
tion,”  IEEE  Trans.  Pattern  Analysis  and  Machine  Intelli¬ 
gence,  Vol.  PAMI-8,  No.  6,  pp.  679-698,  November  1986. 


1611 


NASA/JPL  AIRBORNE  THREE-FREQUENCY 
POLARIMETRIC/INTERFEROMETRIC  SAR  SYSTEM 

Y.  Kim,  Y.  Lou,  J.  van  Zyl,  L.  Maldonado,  T.  Miller,  T.  Sato,  and  W.  Skotnicki 

Mail  stop  300-243 
Jet  Propulsion  Laboratory 
California  Institute  of  Technology 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 
Tel:  (818)  354-9500 
Fax:  (818)  393-5285 
e-mail:ykim@delphi.jpl.nasa.gov 


ABSTRACT 

The  NASA/JPL  airborne  SAR  system  (popularly 
known  as  “AIRSAR”)  has  been  flown  aboard  the  NASA 
Ames  Research  Center  DC-8  since  1987.  AIRSAR  is  a 
three  frequency  (P-,  L-,  and  C-bands)  polarimetric  radar 
with  the  interferometric  capability.  Even  though  various 
modes  of  operation  are  possible  with  the  AIRSAR  system, 
it  has  three  basic  operational  modes  (polarimetric,  across 
track  interferometry,  and  along  track  interferometry). 

The  AIRSAR  hardware  consists  of  RFE  (RF 
Electronics),  digital  electronics,  antenna,  control  computer, 
on-board  processor,  and  power  distribution  subsystems.  A 
single  DCG  (Digital  Chirp  Generator)  generates  the  chirp 
waveform  and  it  is  up-converted  to  L-band.  Subsequent  up- 
and  down-  conversions  produce  C-  and  P-  band  chirp 
signals,  respectively.  The  return  echo  is  amplified  by  LNA 
(Low  Noise  Amplifier)  and  digitized  by  8-bit  ADC 
(Analog-to-Digital  Converter).  The  digital  data  from  six 
channels  are  multiplexed  and  stored  on  tape  using  the  high 
density  digital  recorder. 

During  the  AIRSAR  mission,  a  real  time 
correlator  produces  low  resolution  imagery  to  assess  the 
general  health  of  the  radar  and  to  verify  that  the  correct  area 
has  been  imaged.  Data  processing  to  produce  high  quality 
image  products  happens  in  the  weeks  and  months 
following  a  flight  campaign  after  proper  calibration 
parameters  are  generated.  The  current  integrated  processor 
can  process  both  polarimetric  and  interferometric  data.  In 
this  talk,  we  will  present  detailed  mission  description, 
hardware  configuration,  and  data  processing. 

INTRODUCTION 

The  NASA/JPL  airborne  SAR  (AIRSAR)  system  became 
operational  in  late  1987  and  flew  its  first  mission  aboard  a 
DC-8  aircraft  operated  by  NASA’s  Ames  Research  Center 
in  Mountain  View,  California.  Since  then,  the  AIRSAR 


has  flown  missions  every  year  and  acquired  images  in 
North,  Central  and  South  America,  Europe  and  Australia. 

The  AIRSAR  system  can  operate  in  the  fully  polarimetric 
mode  at  P-,  L-,  and  C-band  simultaneously.  Both  ATI 
(Along-Track  Interferometry)  and  XTI  (Cross-Track 
Interferometry)  modes  are  available  at  L-  and  C-bands.  In 
the  following  sections,  we  will  briefly  describe  the 
instrument  characteristics  and  performance.  In  addition,  we 
will  discuss  data  processing  and  calibration  of  the  radar. 


INSTRUMENT  CHARACTERISTICS 

To  achieve  polarimetric  capability,  the  AIRSAR  system 
transmits  the  H-  and  V-  polarized  signals.  Receive 
polarization  diversity  is  accomplished  by  measuring  six 
channels  of  raw  data  simultaneously,  both  H  and  V 
polarizations  at  all  three  frequencies.  The  video  data  are 
digitized  using  8 -bit  ADCs,  providing  a  dynamic  range  in 
excess  of  40  dB.  This  raw  data  together  with  navigation 
data  is  stored  on  tape  using  high  density  digital  recorders. 
The  AIRSAR  system  also  includes  a  real-time  processor 
capable  of  processing  any  one  of  the  12  radar  channels  into 
a  scrolling  image.  In  addition  to  checking  the  health  of  the 
radar,  the  scrolling  display  is  also  used  to  ensure  that  the 
correct  area  has  been  imaged.  Table  1  provides  a  summary 
of  the  AIRSAR  system  characteristics.  AIRSAR  can  be 
operated  in  many  different  modes  due  to  the  complexity  and 
flexibility  of  the  instrument. 
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Parameter 

Value 

Chirp  Bandwidth  (MHz) 

20  (40 ) 

Chirp  Center  Freq. 

(MHz) 

P:  438.75  (427.5) 

L:  1248.75  (1237.5) 

C:  5298.75  (5287.5) 

Peak  Transmit  Power  (dBm) 

P:  62 

L:  67 

C:  60 

Antenna  Gain  (dBi) 

P:  14 

L;  18 

C:24 

Azimuth  Beamwidth  (deg) 

P:  19.0 

L:  8.0 

C:  2.5 

Elevation  Beamwidth  (deg) 

P:  38.0 

L:  44.0 

C:  50.0 

ADC  Sampling  (MHz) 

45  (90) 

Data  Rate  (MB/s) 

10 

NE  Go  (dB) 

P:  -45 

L:  -45 

C:  -35 

Nominal  Altitude  (m) 

8000 

Nominal  Velocity  (Knots) 

450 

Slant  Range  Resolution  (m) 

10(5) 

Azimuth  Resolution  (m) 

1 

Ground  Swath 

10-15 

Table  1.  Summary  of  AIRSAR  system  characteristics. 
The  parameters  in  ( )  apply  to  40  MHz  chirp  bandwidth 
configuration. 


In  addition  to  three  frequency  polarimetric  mode,  both  ATI 
andXTI  modes  are  available.  AH  mode  was  successfully 
used  to  image  ocean  currents  and  waves  moving  in  the  radar 
line-of-sight  direction.  With  addition  of  more  antennas  and 
antenna  switching  networks,  AIRSAR  is  capable  of  taking 
XTI  data  (known  as  TOPSAR).  TOPSAR  was 
successfully  used  to  generate  topographic  maps  of  areas  of 
interest.  Since  1995,  we  have  been  experimenting  with 
alternating  the  transmit  antenna  between  the  top  and  the 
bottom  antennas  (known  as  ping-pong  mode).  This 
effectively  doubled  the  baseline  and  initial  data  analysis 
showed  that  the  longer  baseline  produced  OEMs  (Digital 
Elevation  Models)  with  reduced  RMS  height  error  as 
expected.  In  addition,  the  newly  added  L-band  XTI  mode 
produced  OEMs  of  slightly  higher  RMS  height  error  due  to 
shorter  baseline  length  (scaled  by  wavelength)  compared 
with  those  of  C-band  XTI  mode. 

To  produce  accurate  OEMs,  we  need  to  know  the  baseline 
precisely.  To  do  this,  we  have  also  upgraded  the  Inertial 
Navigation  System  (INS)  and  the  Global  Positioning 
System  (GPS)  receiver  in  order  to  acquire  more  accurate 
knowledge  of  the  location  and  attitude  of  the  antennas.  The 
original  navigation  system  of  AIRSAR  consisted  of  a 
Honeywell  INS  with  a  ring  laser  gyro  that  determined  the 


attitude  of  the  aircraft  and  a  Motorola  Eagle  4-channel  GPS 
receiver  that  provided  the  positioning  information  (latitude 
and  longitude)  of  the  aircraft.  As  technology  advanced  and 
our  need  for  more  accurate  positioning  and  attitude 
information  became  more  stringent,  we  purchased  a  new 
Motorola  Six-Gun  GPS  receiver  and  a  new  Honeywell 
Integrated  GPS  and  INS  (IGI)  in  1994.  The  Six-Gun  GPS 
receiver  has  six  channels  and  a  much  more  stable  clock 
compared  to  the  old  unit  and  provides  positioning  accuracy 
of  100  m  using  CA  code.  This  receiver  was  integrated  in 
the  radar  in  1994.  The  Honeywell  IGI  has  a  smaller  and 
more  sensitive  ring  laser  gyro  integrated  with  a  GPS 
receiver  capable  of  receiving  the  more  accurate  but  restricted 
Precise  Positioning  Service  (PPS)  data.  The  specifications 
on  this  unit  are:  0.02®  heading  accuracy,  0.01®  roll  and 
pitch  accuracy,  0.03  m/s  velocity  accuracy  per  axis,  and  16 
m  positioning  accuracy  with  PPS.  The  IGI  was  installed 
on  the  DC-8  in  1994  but  the  data  were  recorded  off-line  and 
were  not  available  in  the  radar  header  until  the  1995  flight 
season.  In  addition,  we  have  also  experimented  with 
differential  GPS  by  using  a  Turbo  Rogue  GPS  receiver  on 
the  aircraft  in  conjunction  with  another  Turbo  Rogue 
receiver  on  the  ground  to  obtain  positioning  accuracy  of 
better  than  1  m. 

DATA  PROCESSING 

A  variety  of  processors  and  processing  techniques  are 
utilized  to  process  AIRSAR  data  to  imagery.  A  real-time 
correlator  is  part  of  the  AIRSAR  radar  flight  equipment 
(the  Aircraft  Flight  Correlator)  and  is  used  to  produce  low 
resolution  (approx.  25  meter)  two  look  survey  imagery. 
The  same  on-board  equipment  is  used  to  generate  a  slightly 
higher  resolution  (15  meter),  16  look  image  of  a  smaller 
area  (12  km  x  7  km)  within  10  minutes  of  acquisition 
using  the  quick-look  processor.  These  on-board  processors 
are  useful  for  assessing  the  general  health  of  the  radar  and 
the  success  of  data  taking  in  real-time. 

Final  processing  of  selected  portions  of  the  data  to  high 
quality,  fully  calibrated  image  products  happens  in  the 
weeks  and  months  following  a  flight  campaign.  Currently, 
users  may  request  images  from  two  different  operational 
processors,  the  synoptic  processor  and  the  frame  processor. 
In  the  synoptic  processor,  the  user  specifies  three  data 
channels  to  be  processed.  About  five  minutes  of  raw  data 
from  each  of  the  three  selected  channels  are  processed  to  16 
looks  and  amplitude-only  image  strips,  covering  about  40 
km  along  track.  In  40  MHz  mode,  the  image  strips  would 
be  8  looks  and  20  km  long.  These  image  strips  cover 
about  9  km  in  the  slant  range  direction  for  the  20  MHz 
mode  and  4.5  km  for  the  40  MHz  mode. 

In  terms  of  frame  processing,  we  currently  support  two 
processor  versions:  the  AIRSAR  processor  and  the  new 
integrated  processor  which  is  still  under  development.  The 
new  integrated  processor  was  developed  mainly  to  process 
XTI  data  since  XTI  mode  has  become  increasingly  popular. 
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Technology,  under  a  contract  with  the  National  Aeronautics 
and  Space  Administration. 


In  order  to  do  so,  we  needed  a  new  processor  that  tracks  and 
compensates  for  the  motion  of  the  aircraft  since  uncorrected 
motion  translates  into  baseline  error  between  the  two 
antennas,  which  results  in  height  error  in  the  DEM. 

The  integrated  processor  processes  one  minute  of  raw  data 
of  all  available  data  channels  into  absolutely  calibrated 
images  in  compressed  Stokes  matrix  format  that  contains 
all  the  polarization  information.  If  C-band  cross-track 
interferometer  data  are  available  for  the  data  take,  the 
integrated  processor  will  generate  a  digital  elevation  model 
and  a  local  incidence  angle  map.  By  using  the  local 
incidence  angle  map,  all  output  images  will  be 
geometrically  and  radiometrically  corrected  taking  the 
topography  into  account  and  resampled  to  ground  range 
with  a  10m  by  10m  pixel  spacing.  The  output  images 
cover  about  10  km  in  the  range  direction  by  about  10  km 
in  the  along-track  direction  for  the  40  MHz  mode,  and 
about  20  km  in  the  range  direction  by  about  10  km  in  the 
along-track  direction  for  the  20  MHz  mode.  Although  the 
radar  data  rate  allows  us  to  image  about  20  km  in  range 
swath  for  the  20  MHz  mode,  the  increasing  phase  noise  due 
to  decreasing  SNR  as  a  function  of  incidence  angle  reduces 
the  correlation  between  the  two  antenna  channels.  As  a 
result,  the  RMS  height  error  can  be  quite  large  in  far  swath 
due  to  poor  SNR. 

DATA  CALIBRATION 

The  calibration  of  polarimetric  data  is  well  understood. 
Briefly,  with  the  calibration  tone  in  the  receive  chain  and 
comer  reflector  verification,  we  aie  able  to  consistently 
produce  polarimetric  images  with  better  than  3  dB  absolute 
accuracy,  better  than  1 .5  dB  relative  accuracy  amongst  the  3 
radar  frequencies,  and  better  than  0.5  dB  between  the 
polarization  channels.  The  relative  phase  calibration 
between  the  HH  and  VV  channels  is  better  than  10^. 

The  calibration  of  XTI  data  is  much  more  challenging 
because  various  parameters,  such  as  baseline  vector,  are 
involved  in  the  XTI  data  processing.  The  absolute  phase 
must  be  known  in  order  to  derive  height  information  from 
the  interferometric  data  without  2n  ambiguity.  The 
differential  phase  (between  two  channels)  of  the  radar  can  be 
a  function  of  system  temperature.  Therefore,  we  need  to 
determine  both  absolute  and  differential  phase  for  each  data 
take.  In  addition,  accurate  knowledge  of  the  baseline 
between  the  two  antennas  is  necessary  to  generate  accurate 
OEMs  Using  the  Rosamond  Dry  Lake  data,  we  are 
currently  working  on  calibration  of  XTI  data.  In  addition 
to  usual  calibration,  we  implemented  the  phase  screen  to 
remove  systematic  range  dependent  height  errors  which  can 
be  caused  by  multipath. 
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ABSTRACT 


This  paper  describes  the  low  cost  Hughes  Integrated 
Synthetic  Aperture  Radar  (HISAR'*'*^)  which  provides  real¬ 
time  high  resolution  imagery  with  precise  Ground  Moving 
Target  (GMTI)  overlays. 


INTRODUCTION 


Based  on  a  long  history  of  development  of  multi-mode 
airborne  radars  for  weapon  control  and  reconnaissance, 
Hughes  Aircraft  Company  has  developed  a  low-cost  X-band 
Synthetic  Aperture  Radar  (SAR)  for  real-time  airborne 
reconnaissance  and  surveillance.  The  Hughes  Integrated 
Synthetic  Aperture  Radar  (HISAR)  uses  Commercial-Off- 
the-Shelf  hardware  combined  with  standard  High-Order 
programming  languages  for  software  development. 

HISAR  has  the  capability  to  rapidly  switch  between  pre¬ 
planned  or  operator-selected  imaging  modes.  These  include  a 
24-meter  resolution  Wide  Area  Search  Mode  with  a  60 
degree  azimuth  sector  and  74  km  range  swath,  a  6-meter 
resolution  Strip  Map  Mode  with  a  37  km  range  swath,  and  a 
1.8-meter  resolution  Spot  Mode  with  a  4.8  by  2.8  km  patch. 

The  wide  area  search  and  strip  modes  use  multiple  looks 
for  speckle  reduction  and  are  interleaved  with  Ground 
Moving  Target  Indicator  (GMTI)  overlays  for  activity 
display.  The  high  resolution  Spot  map  has  the  capability  of 
squinting  ±  45  degrees  from  broadside.  All  modes  operate  to 
ranges  of  1 10  km  from  either  side  of  the  aircraft. 

This  paper  addresses  some  of  design  solutions  for 
efficiently  implementing  these  modes  using  the 


programmability  features  of  the  airborne  transmitter  and 
receiver/exciter  and  the  on-board  image  formation  processor. 
In  particular,  the  image  processing  makes  use  of  general, 
parameter-controlled  software  kernels,  which  are 
programmed  to  adapt  to  the  varying  modes  and  collection 
geometries.  The  algorithms  and  software  are  adapted  from 
those  used  on  military  programs  and  include  highly  advanced 
autofocus  algorithms  needed  to  insure  high  quality  fine 
resolution  imagery  at  long  ranges. 

HISAR  is  currently  being  demonstrated  in  a  Beech  Super 
King  Air  200  aircraft. 


HISAR  SYSTEM  DESCRIPTION 


Fig.  1  is  a  simplified  block  diagram  of  HISAR.  Data 
collections  are  controlled  by  the  operator  workstation  using 
either  preplanned  missions  or  operator  selected  imaging 
modes.  The  Embedded  Global  Positioning  System  (GPS) 
Navigator  sends  aircraft  attitude,  position  and  velocity  to  the 
Processor  Control  Unit  (PCU)  which  in  turn,  sends  aircraft 
position  data  back  to  the  workstation.  The  mission  planning 
software  monitors  and  displays  the  aircraft  location  and 
automatically  tasks  the  radar  to  collect  the  preplanned  scenes. 
The  operator  can  modify  the  collection  plan  and  also  use  the 
processed  image  display  to  immediately  designate  and 
command  high  resolution  Spot  scenes  using  a  cursor. 

The  PCU  sets  the  mode-dependent  timing  and  control 
parameters;  accepts  the  navigational  data,  and  continuously 
computes  the  dynamic  motion  parameters  required  for 
processing  and  antenna  pointing.  The  Exciter  generates  the 
required  chirp  waveform  and  the  coherent  reference 
frequencies  for  the  receiver  and  A/D  converter. 


Figure  1 .  Simplified  HISAR  Block  Diagram 
This  work  was  sponsored  by  Hughes  Aircraft  Company. 
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The  received  sum  and  difference  signals  are  sent  to  the 
dual-channel  receiver  where  they  are  down-converted  to 
inphase  and  quadrature  (I  and  Q)  baseband  signals  which  are 
then  sampled  and  quantized  by  four  matched  Analog-to- 
Digital  (A/D)  converters  and  stored  in  a  large  high-speed 
buffer  for  processing. 

The  sampled  radar  data  is  then  read  from  the  buffer  into 
the  signal  processor  where  the  data  is  compressed  in  range 
and  azimuth  to  form  imageiy  which  is  sent  to  the  workstation 
display.  The  resultant  image  sizes  are  much  larger  than  the 
display  format.  Therefore,  the  operator  is  given  the  option  to 
collapse  the  imagery  to  obtain  a  full  scene  overview,  or  to 
selectively  roam  over  the  entire  image  at  full  resolution. 

The  antenna  is  stabilized  in  elevation  and  azimuth  using  a 
Hughes-designed  gimbal  and  servo  having  both  position  and 
gyro  feedback  loops.  The  antenna  includes  an  azimuth 
monopulse  channel  which  is  used  for  the  GMTI  modes. 

Aircraft  attitude,  position  and  velocity,  which  are  used  for 
antenna  pointing  and  radar  motion  compensation,  are 
obtained  from  a  commercial  Embedded  Global  Positioning 
System  and  Inertial  Navigation  System  (GPS/INS) . 

The  Pulse  Repetition  Frequency  (PRF),  transmit  pulse 
width,  A/D  converter  sampling  rate,  and  the  range  gate 
sampling  interval  are  programmable.  This  permits  a  wide 
selection  of  chirp  waveforms  and  range  swath  widths  which 
can  be  used  to  match  the  varying  requirements  for  a  multi- 
mode  radar. 

The  radar  control  and  on-board  image  formation 
processing  use  standard  commercially  available  signal 
processing  boards.  These  processors  are  controlled  by  a 
commercial  work  station  which  the  radar  operator  uses  for 
on-board  mission  planning,  control,  image  display  and  initial 
exploitation.  Images  are  digitally  recorded  for  further 
exploitation. 


HISAR  PERFORMANCE 
Fine  Resolution  Spot  Mode 

The  finest  range  resolution  of  1.8  meters  is  used  for  the 
Spot  Mode.  It  was  initially  designed  for  a  nominal  image  size 
of  2.5  by  2.5  km  and  later  increased  in  size  to  fully  utilize  the 
available  signal  processing  power  required  for  the  continuous 
strip  map  mode.  This  mode  uses  the  most  general  sequence  of 
processing  kernels.  Each  of  the  kernels  are  controlled  by 
mode-  and  geometry-dependent  constant  parameters  which 
are  computed  at  mode  initialization  and  sent  to  the  signal 
processors.  In  addition,  certain  kernels  perform  motion 
compensation  functions  requiring  dynamic  parameters  which 
vary  pulse-by-pulse  and  are  computed  from  the  navigational 
data. 

In  HISAR,  the  received  data  is  subdivided  into  contiguous 
range  subswaths  which  are  processed  independently.  This  is 
done  for  two  reasons.  First,  the  required  azimuth  correlation 
function  is  a  function  of  range,  so  this  permits  focusing  each 
range  interval  with  its  corresponding  reference  function, 
including  the  effects  of  aircraft  line-of-sight  motion  which 


can  vary  with  range.  Second,  this  provides  a  convenient 
method  for  subdividing  the  data  among  parallel  signal 
processing  elements  to  achieve  the  required  throughput. 

After  subswath  focus,  the  data  is  compressed  in  range 
using  a  Fast  Fourier  Transform  (FFT).  Now,  except  for 
unmeasured  motion  errors,  the  final  image  can  be  formed 
using  an  azimuth  FFT  over  all  compressed  range  bins. 
However,  for  high  resolution  images  at  long  range,  even  very 
small  errors  from  the  navigator  and  atmospheric 
inhomogenieties  can  result  in  large  azimuth  phase  errors. 
Therefore,  autofocus  is  generally  required  to  achieve  the 
desired  azimuth  resolution  with  low  sidelobes.  HISAR  uses 
proprietary  parametric  and  nonparametric  autofocus 
algorithms,  as  needed,  to  obtain  high  quality  imagery  for  all 
modes  and  collection  geometries. 

After  azimuth  compression,  the  complex  image  is  square- 
law  detected.  Gain  corrections  are  applied  to  compensate  for 
antenna  shading  and  range  and  processing  filter  passband 
rolloff.  The  image  is  then  encoded  for  recording  and  display. 


Continuous  Strip  Map  Mode  with  GMTI  Overlay 


The  continuous  Strip  map  mode  collects  an  image  having  6 
meter  resolution  over  a  37  km  range  swath  simultaneously 
with  a  Ground  Moving  Target  Indicator  (GMTI)  overlay  for 
activity  indication.  This  is  the  most  demanding  mode  in  terms 
of  processor  loading  since  the  processing  rate  must  keep  up 
with  the  airborne  collection  rate.  Moreover,  the  required  Strip 
and  GMTI  waveforms  are  substantially  different:  the  Strip 
map  mode  uses  a  low  PRF  chirp  waveform  while  the  GMTI 
modes  uses  multiple  PRF's  for  Doppler  ambiguity  resolution. 
The  two  modes  are  interleaved  as  follows:  first,  a  short  array 
of  GMTI  pulses  are  used  to  set  the  receiver  gain;  next,  a 
sequence  of  GMTI  arrays  are  collected  for  each  of  the  PRF's; 
and  finally,  the  Strip  mode  waveform  is  generated  and  data  is 
collected  for  the  synthetic  array  length  required  to  attain  6- 
meter  azimuth  resolution  at  the  far  edge  of  the  mapped  range 
swath.  Image  formation  uses  the  same  processing  kernels  as 
the  Spot  mode. 


Wide  Area  Search  Mode  with  GMTI  Overlay 


The  Wide  Area  Search  (WAS)  mode  is  used  to  rapidly 
obtain  maximum  area  coverage  for  cueing  the  higher 
resolution  modes  and  for  ocean  surveillance.  This  was  easily 
done  by  using  the  flexibility  inherent  in  the  HISAR  design. 
This  mode  uses  the  same  waveform  as  the  Strip  modes,  but 
collects  data  over  twice  the  range  swath.  However,  instead  of 
operating  with  a  fixed  squint  angle,  the  antenna  is  scanned 
over  ±30  degrees  from  broadside  forming  an  image 
consisting  of  a  mosaic  of  azimuth  patches  as  shown  in  Fig.  2. 
For  this  mode,  azimuth  processing  is  changed  to  Doppler 
Beam  Sharpening  (DBS)  using  a  fixed  array  length  to  provide 
constant  angular  rather  than  constant  cross-range  resolution. 


1616 


Figure  2.  Wide  Area  Search  Map  Formation 

The  Wide  Area  Search  image  data  is  noncoherently 
collapsed  in  range  by  a  factor  of  four  in  the  conversion  from 
range-angle  to  Cartesian  display  coordinates  while  preserving 
point  target  amplitudes.  This  provides  the  multilook  desired 
for  speckle  reduction,  while  the  original  higher  resolution 
range  processing  provides  a  better  signal-to-clutter  ratio  for 
target  detection.  At  the  display,  the  image  will  have  a 
nominal  resolution  of  24  meters.  The  GMTI  mode  is 
interleaved  with  the  Wide  Area  Search  collection  to  provide 
an  overlay  for  activity  detection. 

The  nominal  rectangular  display  buffer  size  required  to 
circumscribe  the  entire  Wide  Area  Search  image  is  6K  by  4K 
pixels,  where  K  =  1024  is  the  nominal  display  raster  size. 
Hence,  to  display  the  entire  scene,  the  image  is  collapsed  by 
4:1  in  the  workstation,  thus  providing  additional  smoothing 
with  a  pixel  spacing  of  72  meters.  The  operator  can  then 
switch  to  full  resolution  and  roam  over  a  selected  18.5  by 
18.5  km  area  having  a  pixel  spacing  of  18  meters  for 
examination  of  potential  areas  to  be  designated  for  higher 
resolution  maps. 


EARTH  RESOURCES  APPLICATIONS 


While  HISAR  is  designed  primarily  for  reconnaissance  and 
surveillance,  it  is  also  capable  of  outstanding  performance  in 
earth  resources  applications  by  taking  advantage  of  its 
stability,  sensitivity  and  flexibility. 

HISAR  is  all-digital  beginning  with  a  state-of-the-art 
wide-band  direct  digital  synthesized  chirp  waveform 
generator  and  wide  dynamic  range  analog-to-digital 
converters.  Pulse  compression,  motion  compensation  and 
azimuth  compression  are  done  using  64-bit  floating-point 


arithmetic  throughout  image  formation.  The  Embedded  GPS 
Inertial  Navigation  System  and  high  performance  antenna 
positioning  system  guarantee  accurate  position  and  pointing 
measurements.  The  entire  system  can  be  calibrated  and 
operated  with  an  essentially  unlimited  dynamic  range.  This 
data  can  then  be  used  for  relative  and  absolute  terrain 
reflectivity  measurements  in  post-processing  classification 
algorithms. 

Sensitivity,  in  terms  of  noise-equivalent  backscatter  ((W), 
at  a  ground  speed  of  180  kts  and  1 10  km  slant  range  is  better 
than  -37  dB  in  Spot  and  -42  dB  in  Strip  mode. 

HISAR  has  a  dual-channel  receiver  which  is  used  for 
azimuth  monopulse  for  GMTI.  By  using  alternate  antenna 
configurations,  the  second  channel  can  be  used  for  single¬ 
pass  Interferometry  or  Polarimetric  SAR  applications. 
Multispectral  imaging  can  be  done  by  multiplexing  with 
additional  transmiters. 


SUMMARY 


The  nominal  radar  system  parameters  and  constraints 
which  bound  the  performance  of  HISAR  are  given  in  Table  1. 
A  summary  of  the  perfromance  parameters  of  the  mapping 
modes  is  given  in  Table  2,  These  are  used  for  the  initial 
demonstration  and  can  be  easily  modified,  subject  to 
bandwidth  and  antenna  illumination  constraints,  to  obtain 
alternate  cove  ages  and  resolutions  to  match  specific 
applications. 


Table  1.  HISAR  Radar  Parameters 


Center  Frequency 

9.35  GHz 

Azimuth  Beamwidth 

1.75  deg 

Elevation  Beamwidth 

6.90  deg 

Peak  Transmit  Power 

3500  Watts 

Maximum  Transmit  Duty  Cycle 

10  percent 

Transmit  Waveform 

Linear  FM 

Maximum  Transmit  Pulse  Length 

100  US 

Maximum  Transmit  Bandwidth 

100  MHz 

Maximum  A/D  Sampling  Rate 

100  MHz 

A/D  Converter  Word  Size 

8  bits  I  and  Q 

Table  2.  HISAR  Performance  Parameters 


Strip 

WAS 

Resolution 

1.8  m 

6.0  m 

24  m 

1.3  m 

4.5  m 

20  m 

1 

1 

4 

Azimuth  Looks 

1 

1-4 

1 

Range  Swath 

4.8  km 

37  km 

74  km 

Azimuth  Patch 

2.8  km 

continuous 

60  deg 

Squint  Angle 

±45  deg 

±15  deg 

+30  deg 

ajsj  @  1 10  km 

-37  dB 

-42  dB 
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Abstract  —  The  Ingara  airborne  imaging  radar  system  is  a 
technology  demonstrator  aimed  at  evaluating  the  application 
of  multi-mode  radar  to  broad  area  land  surveillance.  An 
integrated  system  has  been  developed  that  includes  an  X-Band 
radar  with  SAR  and  MTI  modes,  real-time  signal  processing 
system,  air-to-ground  data  link,  automated  target  detection 
algorithms  and  a  simple  image  analysis  geographical 
information  system. 


INTRODUCTION 

Broad  area  surveillance  of  the  Australian  mainland  and 
littoral  regions  are  problems  being  addressed  by  the  Australian 
Defence  Forces  (ADF).  The  basic  requirement  is  to  frequently 
survey  large  areas,  detect  the  presence  of  either  small  vehicles 
or  vessels  and,  where  possible,  provide  identification  of  these 
man  made  objects.  High  resolution  imaging  radar  with 
synthetic  aperture  radar  (SAR)  and  moving  target  indicator 
(MTI)  modes  is  a  remote  sensing  sensor  suitable  for  the 
detection  layer  of  a  broad  area  surveillance  system.  These 
modes  have  the  advantage  of  providing  high  resolution  images 
of  scene  backscatter  in  all  weather  and  day/night  operations. 
Though  acquired  in  an  oblique  geometry,  the  SAR  images 
provide  a  plan  view  of  the  scene  with  constant  resolution 
independent  of  standoff  distance.  Man  made  objects  typically 
have  backscatter  greater  than  the  natural  terrain  providing  a 
contrast  suitable  for  their  detection.  This  detection  information 
from  an  imaging  radar  can  be  used  to  cue  other  sensors  for 
identification. 

In  its  role  of  providing  technical  advice  to  the  ADF,  the 
Microwave  Radar  Division  (MRD)  of  the  Defence  Science  and 
Technology  Organisation  (DSTO)  has  developed  over  the  last 
six  years  a  low-cost  airborne  imaging  radar  technology 
demonstrator  called  Ingara  (formerly  called  AuSAR).  The 
aims  of  the  Ingara  project  are  to  evaluate  multi-mode  imaging 
radar  technology  in  the  broad  area  surveillance  application  and 
to  provide  the  scientific  and  remote  sensing  communities 
access  to  an  in-country  imaging  radar  sensor.  The  Ingara 
system  has  participated  in  several  ADF  exercises  that  have 
exposed  it  to  operational  broad  area  military  surveillance 
activities.  In  addition  the  system  has  collected  an  extensive 
database  of  calibrated  scene  backscatter  measurements  of  the 
Australian  terrain. 


SYSTEM  DESCRIPTION 

The  Ingara  system,  shown  in  Fig.  1,  consists  of  airborne  and 
ground  components  joined  by  a  C-Band  data  link.  The  system 
currently  operates  in  a  stripmap  SAR  mode  where  a  swath  of 
constant  width  and  standoff  from  a  defined  aircraft  data 
acquisition  track  is  progressively  imaged  as  the  aircraft  flies 
along  the  track.  Spotlight  SAR  and  moving  target  indicator 
(MTI)  modes  are  being  implemented  and  preliminary  test  data 
have  been  acquired  in  these  new  modes.  The  parameters,  given 
in  Table  1,  show  that  the  Ingara  system  is  capable  of  acquiring 
and  processing  in  real-time  the  wide  swaths  required  for  broad 
area  surveillance.  Radar  echo  data  acquired  as  the  aircraft 
passes  a  point  on  the  ground  is  processed  onboard  in  the  real 
time  signal  processor  (RTP)  and  then  transmitted  to  the  ground 
station  over  the  bi-directional  C-Band  data  link.  The  delay 
between  data  acquisition  and  viewing  the  image  on  the  ground 
is  approximately  thirty  seconds  due  to  the  delayed  nature  of  the 
processor  and  data  link. 

The  airborne  components  of  the  system  are  installed  on  a 
Royal  Australian  Airforce  (RAAF)  Research  and 
Development  Unit  C-47  aircraft  which  is  unpressurised  and  so 
is  restricted  to  a  maximum  operating  altitude  of  3,000  m.  This 
limits  the  minimum  incidence  angle  (the  angle  between  the 
radar  wave  and  the  local  vertical)  with  a  reasonable  swath 
width  to  approximately  60“.  Each  flight  is  pre-planned  with  a 
graphical  user  interface  (GUI)  mission  planning  tool  that 
permits  the  organisation  of  image  swath  and  aircraft  track 
icons  overlaid  on  a  scanned  map.  The  user  will  typically  let  the 
requirements  of  data  collection  determine  the  aircraft  flight 
path  with  the  mission  planning  output  being  a  series  of  aircraft 
position  and  radar  activation  waypoints  that  are  navigated  to 
during  the  flight  using  an  onboard  global  positioning  system 
(GPS). 

The  radar  data  acquisition  component  has  a  digital 
subsystem  that  is  primarily  based  on  commercial  off  the  shelf 
(COTS)  equipment  with  several  custom  hardware  cards  that 
perform  radar  timing  and  data  handling  functions.  Motion 
compensation  for  aircraft  drift  from  the  data  acquisition  track 
is  performed  in  real  time  using  aircraft  position  measurements 
from  an  inertial  navigation  unit  (INU).  Because  the  INU  has  a 
low  frequency  offset  that  results  in  a  error  in  the  absolute 
position  of  the  aircraft,  a  differential  GPS  is  also  employed  to 
record  aircraft  position.  This  provides  the  necessary 
information  for  accurate  geocoding  of  the  image  data.  The 
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Table  1 :  Ingara  System  Parameters 
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Figure  I :  The  Ingara  system  airborne  and  ground  based 
components. 


transmit  signal  is  generated  by  a  commercial  digital  waveform 
generator  that  can  be  programmed  with  a  mathematical 
function  or  an  arbitrary  waveform.  The  radio  frequency 
subsystem  is  custom  built  and  utilises  a  two  stage  up  and  down 
conversion  process  that  provides  a  potential  future  L-Band 
capability.  A  recent  upgrade  extended  the  data  sampling 
capability  to  16384  range  bins  which  achieves  a  wide  swath 
capability  of  48  km  at  3  m  resolution  or  24  km  at  1.5  m 
resolution.  Prior  to  this  upgrade  a  wide  swath  capability  was 
demonstrated  through  the  interlaced  acquisition  of  several 
narrower  swaths  displaced  in  range  at  a  higher  total  pulse 
repetition  frequency  [1].  The  echo  data  is  combined  with 
auxiliary  information  from  the  radar  into  a  raw  data  stream  that 
is  sent  to  the  RTP  and  recorded  onto  a  high  speed  tape  system. 

The  real-time  SAR  signal  processor  is  a  COTS  vector 
processor  with  twenty  eight  Intel  i860  processing  nodes  and  a 
SUN  SparcStation  host  computer.  The  vector  processing 
elements  are  CSPI  SuperCard-4XL  and  SuperCard-2XL  cards 
that  have  16  MBytes  of  memory  per  node  and  additional  data 
buses  for  raw  data  input  and  the  sharing  of  intermediate 
processing  results.  The  range-Doppler  algorithm  [2],  which  is 
programmed  in  C,  is  implemented  in  a  scalable  fashion  to  cope 
with  the  different  processing  loads  associated  with  different 
data  acquisition  swath  widths  and  standoffs.  For  example,  all 
processing  nodes  are  required  for  real-time  processing  of  a  30 
km-wide  swath  at  3  m  resolution  with  a  standoff  of  1 0  km  from 
the  aircraft  ground  track  (i.e.  the  swath  is  the  region  10  km  to 
40  km  from  the  ground  track).  The  processed  SAR  image  data 


C-47  Aircraft  altitude  &  velocity 
Radar  Freq.  &  Polarization 
Maximum  ADC  Sampling 


Radar  Control  Processor 
Radar  Operator  Interface 
Real  Time  Signal  Processor 


C-Band  Data  Link: 
Downlink  Bandwidth 
Uplink  Bandwidth 
Maximum  Range 


3000  m,  75  m/sec 
X-Band  (9.375  GHz),  HH 
16384  samples  of  I  and  Q 
data  at  100  MHz,  8  bits 

3  m  1.5  m 

4  2 

48  km  24  km 

30  km  15  km 

5  km  -  36  km 
60'’  -  86” 

150  Hz 

120  Hz -2000  Hz 
1.46  m  by  0.16  m 
1  kW 

Go  <  -35  dB  (3  m  resolu¬ 
tion  at  24  km  standoff) 
VME  bus  computer  & 
dedicated  hardware  cards 
SUN  Workstation  with 
Openlook  GUI 
CSPI  RTS-860  System 
with  twenty  eight  Intel 
i860  processing  nodes 

8  Mbits/sec 
1  Mbits/sec 
200  km 


Stripmap  Parameters: 

Finest  Resolution 
Number  of  Looks 
Max.  Acquisition  Swath  Width 
Max.  RTP  Swath  Width 
Swath  Standoff  Distance 
Typical  Incidence  Angles,  0 
Pulse  Repetition  Frequency: 
Typical  in  SAR  mode 
Range 

Antenna  Size 

Peak  Transmit  Power 

Sensitivity 


is  saved  to  disk  and  tape  on  the  SUN  host  computer. 

The  data  link  utilises  a  small  omni-directional  antenna  on 
the  aircraft  and  a  COTS  tracking  satellite  TV  antenna  on  the 
ground.  It  supports  the  TCP/IP  protocol  which  is  limited  in  the 
current  implementation  to  a  sustained  data  throughput  of 
approximately  2.5  Mbits/sec  even  though  the  data  link  can 
support  8  Mbits  per  second.  This  protocol  has  the  advantage  of 
a  lossless  data  transfer  and  has  automatic  link  re-establishment 
if  the  aircraft  flies  out  of  range  or  if  multipath  causes  a  deep 
signal  fade.  The  uplink  capability  permits  the  transfer  of  new 
mission  plans  or  other  information  from  the  ground  station. 

The  ground  component  post  processing  function  currently 
includes  radiometric  correction,  fine  geocoding  and  data 
formatting  for  the  image  analysis  software.  The  geocoding 
process  uses  the  aircraft  GPS  and  INU  position  information  to 
model  the  actual  data  acquisition  trajectory  and  extracts 
ground  topographic  information  from  a  digital  elevation  map 
to  resample  the  image  pixels  onto  a  map  grid  [3].  The  image 
swath,  which  can  be  up  to  100  km  in  length,  may  be  placed  at 
any  angle  with  respect  to  north.  To  save  storage  space  the 
geocoded  image  does  not  have  north  oriented  to  the  top  of  the 
image  (which  is  common  in  many  geographical  information 
systems),  but  uses  a  rotated  map  grid  that  fits  the  orientation  of 
the  acquired  image.  After  geocoding  the  information  content 
of  the  image  has  been  maximised  through  two  mathematical 
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Figure  2:  An  Ingara  image  of  an  area  to  the  south  of  Darwin 
with  a  zoom  of  an  orchard  area. 

relationships  that  are  saved  in  the  image  header:  the  pixel 
image  x-y  coordinate  to  real  world  latitude-longitude;  and  the 
pixel  greyscale  value  to  real  world  backscatter  cross-section. 

A  challenge  with  a  broad  area  imaging  surveillance  system 
is  to  transform  the  copious  quantity  of  image  data  into 
surveillance  information  (e.g.  the  Ingara  system  can  collect 
over  3  GBytes  of  1.5  m  imagery  per  hour).  Significant  levels 
of  ground  clutter  and  obscuration  of  man-made  objects  by  trees 
further  complicates  the  application  of  imaging  radar  to  land 
surveillance.  The  DSTO  has  taken  the  approach  of  using 
automated  target  detection  tools  to  cue  human  analysts  to 
regions  of  interest  in  an  image.  To  date,  threshold  detection 
algorithms  that  look  for  unnaturally  bright  objects  in  the  image 
data  and  change  detection  algorithms  that  analyse  the 
difference  of  two  images  of  the  same  area,  have  been 
developed.  The  later  process  requires  acquisition  of  repeat 
imagery  from  a  similar  viewing  geometry  and  automated  fine 
alignment  of  the  images  to  better  than  a  pixel  accuracy.  The 
automated  detection  information  is  stored  in  a  database  and 


used  as  an  icon  overlay  in  a  simple  geographical  information 
system.  The  image  analyst  can  sort  the  automated  detections 
into  unlikely  and  probable  categories.  The  probable  detections 
can  be  reported  as  surveillance  information  in  a  text  format 
that  includes  imaging  time  and  geographic  location.  The 
ground  component  has  been  implemented  as  a  mobile  caravan 
with  several  computer  workstations  that  include  a 
computational  and  image  server,  and  image  analysis  stations. 

An  example  of  an  Ingara  real-time  processed  image  is 
shown  in  Fig.  2. 

FUTURE  WORK 

Future  work  for  the  Ingara  project  includes  the  full 
implementation  of  the  MTI  mode,  a  finer-resolution  Spotlight 
mode  and  participation  in  military  exercises  where  the  full 
multi-mode  aspects  of  the  system  can  be  demonstrated.  The 
RTF  algorithm  may  be  modified  to  include  the  radiometric  and 
geometric  corrections  to  remove  the  post-processing  function 
from  the  ground  component.  The  automated  target  detection 
algorithms  are  an  area  of  continued  work  that  may  include  the 
incorporation  of  other  geographic  information  into  the  process. 

CONCLUSION 

The  Ingara  system  has  successfully  demonstrated  the  stated 
aims  of  the  project  through  developing  and  evaluating  an 
integrated  multi-mode  imaging  radar  surveillance  system. 
Results  from  the  Ingara  concept  demonstrator  will  be  used  to 
specify  a  system  that  may  be  in  service  with  the  ADF  at  the 
turn  of  the  century. 
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Abstract  -  The  CCRS  C-  and  X-band  SAR  systems  have 
evolved  continuously  since  their  commissioning  in  1988.  This 
paper  summarizes  the  present  state  of  the  radar  system  and 
outlines  its  capabilities. 

INTRODUCTION 

The  CCRS  SAR  sytstem,  as  it  was  commissioned  in  1988  [1], 
was  composed  of  two  radars,  one  operating  at  C-band  (5.66 
cm)  and  the  other  operation  at  X-band  (3.24  cm).  The  radars 
were  designed  as  an  open  system  and  their  architecture 
permitted  the  addition  and  reconfiguration  of  system  modules 
to  create  operating  capabilities  that  were  not  considered  in  the 
initial  design. 

The  system  has  evolved  continuously  since  1988  as  new 
functions  were  added  and  existing  functions  were  upgraded. 
The  added  capabilities  include: 

•  increased  control  of  imaging  geometry; 

•  a  C-band  polarimeter  mode; 

•  a  C-band  spatial  interferometer  mode; 

•  a  C-band  temporal  interferometer  mode; 

•  efficient  software  processors  for  generating  outputs  from 
the  new  modes; 

•  complex  signal  recording  of  four,  4096  range  cell 
channels; 

•  Exabyte  recording  of  real  time  processed  data; 

The  details  of  the  radar  system  as  it  existed  at  the  end  of  1995 
are  discussed  elsewhere  [2].  This  paper  provides  a  condensed 
summary  of  the  system  properties  and  key  parameters. 

SAR  SYSTEM  MODULES  AND  ARCHITECTURE 

The  C-  and  X-  band  radars  each  have  a  transmitter  and  a  two 
channel  receiver.  The  receiver  electronics  are  dedicated  to  the 
radar  frequency  and  have  identical  control  and  two  channel 
signal  processing  subsystems  that  differ  only  in  frequency 
specific  software  elements.  Either  digital  subsystem  can  be 
operated  with  software  specific  to  either  frequency.  Each 
control  subsystem  is  the  master  control  for  its  radar  and 


commands  the  system  functions  with  control  parameters 
computed  from  function-based  operator  inputs.  Functions 
controlling  imaging  geometry,  resolution,  channel  / 
polarization  assignment,  motion  compensation,  real-time 
processing,  and  signal  recording  respond  to  operator 
commands. 

The  antennas  for  the  two  radars  share  a  three  axis  drive  that  is 
steered  by  the  radar  control  system.  Both  inertial  navigation 
and  global  positioning  satellite  receivers  provide  attitude, 
position  and  motion  information.  The  interferometric  antenna 
system  mounted  on  the  right  side  of  the  aircraft  is  adjustable 
for  roll  and  pitch,  but  dynamically  steerable  only  in  azimuth. 

A  fast  polarization  switch,  and  signal  distribution  interface  to 
the  C-band  transceiver,  allows  the  four  digital  channels  to  be 
assigned  for  the  polarimetry  and  interferometry  modes. 

MAJOR  SYSTEM  PARAMETERS 


The  following  tables  present  the  key  system  parameters  that 
combine  to  define  the  radar  system  capability. 

Table  1 :  The  C-band  Transceiver 


Wavelength 

5.66  cm 

Transmitter  power 

16,orl  KWpeak 

RF  gain  control  (CG) 

42  dB,  6  dB  steps 

IF  gain  control  (FG) 

63.5  dB,  0.5  dB  steps 

Receiver  1  gain 

FG-CG+25.0  dB 

Receiver  2  gain 

FG-CG+21.2  dB 

STC  attenuator  range 

38  dB 

Resolution  modes 

high  low 

CHIRP  length 

7  ms.  8  ms 

Compressed  pulse  length 

38  ns  120  ns 

3  dB  range  resolution 

5.7  m  18  m 

SAW  plus  electronic  delay 

13.29  ms  16.7  ms 

Receiver  noise  figure 

5.2  dB  3.7  dB 

Receiver  noise  bandwidth 

34  MHz  10  MHz 

Master  clock  rate 

150  MHz 
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Table  2:  The  X-band  Transceiver  In  the  CCRS  Polarimetric  SAR  mode,  the  isolation  between 

raw  data  channels  exceeds  35  dB  for  all  channel  combinations 


Wavelength 

3.24  cm 

and,  thus,  the  radar  distortion  matrix  is  diagonal  to  within 
measurement  limits.  Also,  test  results  show  that  the  antenna 
phase  centres  for  all  polarizations  have  no  differential 
separation  as  a  function  of  radar  illumination  angle,  and  there 
are  no  range  dependent  phase  corrections  after  post-flight 
motion  compensation. 

Table  4:  InSAR  Parameters 

Transmitter  power 

6KWpeak 

RF  gain  control  (CG) 

none 

IF  gain  control  (FG) 

63.5  dB,  0.5  dB  steps 

Receiver  1  gain 

FG+44.9  dB 

Receiver  2  gain 

FG+44.2  dB 

STC  attenuator  range 

38  dB 

Resolution  modes 

high  low 

CHIRP  length 

15  ms  30  ms 

Frequency  and  polarization 

5.3  GHz,  HH  polarization 

Compressed  pulse  length 

32  ns  134  ns 

Peak  power 

16  KW 

3  dB  range  resolution 

4.8  m  20.1  m 

Pulse  length 

7  ps 

SAW  plus  electronic  delay 

19.6  ms  39.0  ms 

Cross-track  InSAR 

Receiver  noise  figure 

5.3  dB  5.2  dB 

pulse  spacing 

0.389  m 

Receiver  noise  bandwidth 

37  MHz  11.4  MHz 

Azimuth  beamwidths 

3 .  r ,  main;  3.0'',  InSAR 

Master  clock  rate 

150  MHz 

Baseline  (nominal) 

2.8  m 

Table  3:  The  Digital  Signal  Parameters 

Baseline  off  nadir  direction 

41  deg 

Slant  range  swath 

16.4  km 

Along-track  InSAR 

Along-track  pulse  spacing 

V/prf  =  0.43  m  or  0.39  m 

Pulse  spacing 

0.0195  m 

A  to  D  converters:  number 

4  for  each  radar  (I,Q  pairs) 

Along-track  antenna  separation 

0.46  m 

dynamic  range 

33  dB 

Radial  velocity  sensitivity 

24"  perm/sec 

quantization 

6  bits  I  and  Q 

Processed  azimuth  beamwidth 

4“ 

...  after  motion  compensation 

8  bits  I  and  Q 

Unambiguous  azimuth  range 

8.3° 

signal  data  recording 

4096  range  cells  both 
channels 

Unambiguous  velocity  range 

-7.5  m/sec  to  +7.5  m/sec 

DATA  OUTPUTS 

Available  directly  off  the  aircraft  after  a  flight  are: 

•  dry  silver  paper,  hard-copy  imagery; 

•  Exabyte  8500  tapes  of  all  the  real-time  processed  data  in 
CEOS  format; 

•  range-compressed  signal  data  on  helical  scan  tape  recorder 
on  D1  cassettes; 

•  NTSC  video  tapes  of  reduced  resolution  imagery; 

•  Exabyte  8200  tapes  of  all  inertial  navigation  and  radar 
parameters; 

•  GPS  data  files  in  PC  compatible  format;  and 

•  radar  operator  logs  and  hard  copy  flight  records  and  maps. 

Post-flight,  on-ground  processing  (for  example,  using 
differential  GPS  to  improve  post-flight  motion  compensation 
and  mapping)  can  provide  digital  data  files  of: 

•  radiometrically  calibrated  data  [5]; 

•  geocoded  (eg.  UTM  projection)  SAR  imagery  from  the 
cross-track  InSAR  mode,  as  well  as  a  registered  digital 
terrain  model  [3,4]; 

•  geocoded  SAR  imagery  and  digital  file  of  radial  velocity 
derived  from  the  along-track  InSAR  mode  [4];  and 

sampling  in  range  (high  res) 

4  m  (16.38  km  slant  range) 

sampling  in  range  (low  res) 

1 5  m  (6 1 .44  km  slant  range) 

Table  4:  Real-time  processing  parameters 

Real-time  processors 

2  (1  per  radar) 

channels  processed  per  radar 

1  full  swath,  2  @  1/2  swath 

number  of  looks 

7 

C-band 

high  res  low  res 

processed  beamwidth 

1 .9  deg  1 .2  deg 

azimuth  resolution  (nominal) 

6  m  10  m 

pixel  spacing  (V/prf  =  0.43) 

4.31m  6.89  m 

(V/prf=0.39) 

3.90  m  6.23  m 

sub-sampling  factor 

10  16 

look  separation  (in  looks) 

0.881  0.881 

X-band 

processed  beamwidth 

1.25  deg  0.85  deg 

azimuth  resolution  (nominal) 

6m  10m 

pixel  spacing  (V/prf  =  0.43) 

3.45  m  5.17  m 

(V/prf  =  0.39) 

3.12  m  4.67  m 

subsampling  factor 

8  12 

look  separation  (in  looks) 

.908  .908 

image  recording 

4096  one  chatmel,  or  2048 
both  channels,  for  each  radar 
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•  calibrated  4  channel  complex  SAR  image  files  for  the  4 
linear  polarizations.  Additional  software  generates  images 
of  derived  amplitude  and  phase  products,  various 
polarimetric  signature  sets  and  appropriate  scaling  for 
colour  display  of  the  data. 

SUMMARY 

This  paper  provides  some  information  and  description  of  the 
CCRS  SAR  system  flown  by  OCRS  from  the  mid-eighties 
through  to  the  termination  of  the  program  in  March  1996. 
Many  more  details  of  this  radar,  including  data  processing  etc., 
are  contained  in  reference  [2]. 
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Abstract  --  Microwave  remote  sensing  is  a  main  area  of  rese¬ 
arch  of  the  German  Aerospace  Research  Establishment  (DLR). 
Especially  the  Institut  filer  Hochfrequenztechnik  is  engaged  in 
this  field  by  making  use  of  synthetic  aperture  radar  systems 
(SAR)  on  both  air-  and  spacebome  platforms.  The  institute’s 
engagement  in  the  international  projects  ERS-1  and  SIR-C/X- 
S  AR  initiated  the  design  and  development  work,  which  lead  to 
the  well-known  Experimental  airborne  SAR,  E-S  AR.  It  is  used 
for  testing  new  technologies  and  signal  processing  algorithms. 
In  recent  years  it  has  advanced  to  a  main  research  tool  for  re¬ 
mote  sensing  applications  in  geology,  agriculture,  forestry  and 
military  reconnaissance. 

INTRODUCTION 

Microwave  remote  sensing  at  wavelengths  ranging  from  1 
cm  to  1  m  has  gained  a  lot  in  importance  over  the  last  decade 
with  the  availability  of  active  radar  imaging  systems  for  a  wide 
range  of  scientific  applications.  Especially  synthetic  aperture 
radars  mounted  on  airborne  or  spacebome  platforms  proved  to 
be  of  great  benefit,  cue  to  their  day  and  night  capabilities  and 
weather  independence.  In  comparison,  optical  sensors  are 
strongly  dependent  on  weather  conditions,  where,  on  average, 
only  10%  of  the  data  collected  over  Europe  throughout  a  year 
proves  to  be  useful.  Modem  technology  in  RF  and  digital  elec¬ 
tronics  allows  the  development  of  complex  imaging  radars,  not 
just  single  frequency,  single  polarization,  but  multispectral,  po- 
larimetric  systems.  Interferometry  has  entered  the  3rd  dimen¬ 
sion  into  radar  imageiy.  The  user  today  may  extract  terrain 
height  information  at  the  same  time  while  imaging  the  scene 
using  specially  configured  SAR  systems. 

THE  SYNTHETIC  APERTURE  RADAR  E-SAR 

Systems  dedicated  to  microwave  remote  sensing  have  a  long 
tradition  in  the  Institut  fuer  Hochfrequenztechnik  of  DLR.  In 
the  past  the  performance  of  multispectral  imaging  radiometers 
and  X-Band  real  aperture  radar  systems  operated  on  airborne 
platforms  was  demonstrated  and  analyzed.  Today,  airborne 
SAR  forms  a  major  subject  in  the  institute,  not  only  to  show  its 
technological  feasibility,  but  to  exploit  its  benefits  to  a  range  of 
applications,  such  as  agriculture  and  forestiy. 

The  decision  to  develop  an  airborne  SAR  system  was  initi¬ 
ally  taken  to  gain  sufficient  Know-how  in  SAR  sensor  design 
and  data  processing  to  support  the  space  missions  ERS-1  and 
0-7803-3068-4/96$5.00©1996  IEEE 


SIR-C/X-SAR.  The  system  was  purely  meant  to  be  a  testbed 
for  new  technology  and  processing  algorithms.  Especially  pro¬ 
blems  induced  by  small  airborne  platforms,  which  are  subject 
to  heavy  air  turbulence  at  low  flight  altitudes  (<  3000  m), 
should  be  tackled  and  solved.  The  aim  was  to  obtain  high  reso¬ 
lution  imageiy  (2  m  x  2  m)  even  under  platform  manoeuvres. 

However,  as  soon  as  we  published  our  first  C-Band  imagery 
in  1989,  we  received  a  strong  request  for  SAR  data  from  user 
groups  in  Europe.  It  initiated  our  campaign  work  and  it  also  pu¬ 
shed  the  applications  work  in  the  institute.  In  recent  years  the 
system  was  extended  to  other  frequency  bands.  It  was  not  only 
used  during  SIR-C/X-SAR  preparatoiy  campaigns  together 
with  the  AIRSAR  system  of  the  Jet  Propulsion  Laboratoiy 
(JPL),  but  it  also  supported  the  two  shuttle  radar  lab  missions 
in  1994. 

THE  E-SAR  SYSTEM  DESIGN 

The  E-SAR  is  a  multi -frequency  SAR  system  mounted  on 
board  a  Domier  DO  228  aircraft,  which  is  owned  and  operated 
by  DLR.  At  present  the  radar  is  operational  in  P-,  L-,  C-  and  X- 
Bands  with  selectable  vertical  or  horizontal  antenna  polarizati¬ 
ons.  System  extension  to  P-Band  (450  MHz  centre  frequency) 
operation  was  completed  in  1994.  A  L-Band  multipolarization 
capability  was  realized  in  1995.  SAR  interferometry  and  SAR 
polarimetiy  are  new  functional  modes  of  the  radar,  which  are 
on  their  way  to  be  integrated  during  1996. 

The  photo  in  Fig.  1  shows  a  DLR  research  aircraft  of  type 
Domier  DO  228  with  the  E-SAR  radar  installed  onboard.  An¬ 
tenna  installations  are  visible  under  the  nose  and  in  the  back  of 
the  aircraft.  The  cigar-like  pod  under  the  nose  contains  the  P- 
Band  antenna.  Beneath  the  cargo  door  in  the  back  a  radome  co¬ 
vers  both  the  C-  and  X-Band  antennas.  The  L-Band  antenna, 
splitted  into  two  individual  arrays,  one  for  each  polarization,  is 
attached  to  the  tail  of  the  aircraft  and  carries  the  aircraft’s  ID. 

A  special  feature  of  the  system  are  small,  fixed  mounted  an¬ 
tennas.  The  associated  wide  azimuth  beam  avoids  having  to 
steer  the  antenna  to  compensate  for  yawing  of  the  platform.  A 
small  antenna  also  permits  very  high  azimuth  resolution  (<  100 
cm)  to  be  achieved  under  favourable  flight  conditions.  Depen¬ 
ding  on  the  Doppler  offset  used  during  processing  of  the  SAR 
data,  scenes  can  be  imaged  under  different  azimuth  viewing 
angles  (squint  mode,  spotlight  mode).  These  characteristics 
consequently  lead  to  a  very  high  data  amount  to  be  recorded  at 
high  data  rate. 
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Figure  1:  The  E-SAR  radar  installed  onboard  a  DLR  DO  228  aircraft. 


The  received  SAR  raw  data  is  recorded  on  HDDT  Tapes  of 
9200  ft  length  allow  a  maximum  recording  time  of  15  minutes 
at  the  nominal  data  rate  of  28  Mbit/s  on  14  parallel  tracks.  The 
tape  speed  is  slaved  to  the  pulse  repetition  frequency  (PRF), 
which  may  vaiy  by  +/-  30%  of  its  nominal  value  of  952  Hz. 
The  sensor  operates  with  a  constant  PRF  setting  according  to 
wavelength  and  antenna  azimuth  beamwidth.  Azimuthal  sam¬ 
pling  criteria  limit  the  maximum  forward  speed  of  the  plat¬ 
form.  Speed  variations  are  compensated  for  off-line  in  the 
processor.  Typical  PRF  values  are  670  Hz  (P-  and  L-Band), 
952  Hz  (C-Band)  and  1200  Hz  (X-Band). 

Inflight  a  Real -Hme  ’Multi -Look’ -SAR -Processor  converts 
the  raw  data  to  high  resolution  imagery  of  good  quality,  which 
is  recorded  on  Exabyte  tape.  A  subaperture  algorithm  is  imple¬ 
mented  for  range  and  azimuth  processing.  A  new,  imique  ap¬ 
proach  has  been  developed  to  allow  for  processing  at  squint 
angles  of  up  to  12°  [1].  The  real-time  imagery  is  used  as  a  sur¬ 
vey  product,  which  allows  the  selection  of  a  particular  scene  to 
be  processed  off-line  to  maximum  image  quality. 

The  DO  228  is  a  twin-engine  STOL-aircraft  (short  take-off 
and  landing).  Its  nominal  flight  level  is  12000  ft  above  sea  level 
(3600  m).  Radar  flights  may  be  performed  at  altitudes  ranging 
from  1000  m  to  6000  m.  A  typical  mission  lasts  3  h,  but  can  be 
extended  to  5  h  under  good  conditions.  The  maximum  mission 
range  is  in  the  order  of  400  to  500  nm.  The  nominal  ground 
speed  for  SAR  operation  ranges  from  70  to  95  m/s  (140  to  190 
kt),  the  cruising  speed  is  about  100  m/s.  The  relatively  low  cei¬ 
ling  and  airspeed  means  that  the  aircraft  is  subject  to  turbu¬ 
lence,  placing  special  requirements  (motion  compensation)  on 
the  SAR  processor  to  avoid  defocusing  and  distortion  of  the 
imagery  [2]. 


The  conditions  set  mainly  by  the 
system  platform  require  special  si¬ 
gnal  processing  algorithms.  There¬ 
fore  an  extensive  effort  for  the 
development  of  a  dedicated  SAR 
processing  system  at  DLR  was  ne¬ 
cessary. 

Today,  the  SAR  off-Une  data  pro¬ 
cessing  chain  consists  of  three  major 
steps: 

Transcription,  The  data  must  be 
transferred  from  HDDT  to  CCT,  i.  e. 
an  Exabyte  tape.  One  high  density 
Exabyte  contains  the  complete  in¬ 
formation  required  for  calibrated 
SAR  processing  of  the  data. 

SAR  Processing  with  compensati¬ 
on  for  platform  motion  errors  [3]. 
The  algorithm  is  phase  preserving 
and,  hence,  also  suitable  for  SAR  in¬ 
terferometry.  A  number  of  image 
output  products  is  available:  single 
look  complex  (SLC),  single  and 
multi-look  detected  imageiy  in  :  ant  range  as  well  as  in  ground 
range  geometry. 

Radiometric  calibration.  Being  part  of  the  SAR  processor 
this  routine  corrects  for  antenna  diagram  and  geometry  related 
effects  on  the  image.  It  compensates  for  platform  attitude  error 
induced  intensity  variations  in  range  and  azimuth.  E-SAR  ima¬ 
geiy  is  absolutely  calibrated  as  the  radar  system  transfer 
function  of  each  spectral  channel  is  included  with  the  proces¬ 
sing.  The  accuracy  achieved  in  all  four  bands  is  better  or  equal 
3  dB.  Calibration  flights  are  performed  on  a  regular  basis  to 
maintain  the  performance  of  the  complete  system  [4]. 

A  standard  image  reflects  the  radar  brightness  relation  in 
slant  range  geometry,  as  in  (1). 

Wo  -  >o/(sin'I‘i„c.) 

Each  image  pixel  is  encoded  as  16  bit  signed  integer.  Stan¬ 
dard  images  are  processed  with  8  looks  in  X-  and  C-Band  and 
with  4  looks  in  L-  and  P-Band.  L-Band,  8  look  is  optional. 

Each  E-SAR  image  is  distributed  on  a  8200  Exabyte  cassette 
(low  tape  density)  in  a  simple  data  format,  which  is  easy  to 
handle.  The  format  is  referred  to  as  E-SAR  Image  Data  For¬ 
mat, 

The  E-SAR  image  tape  contains  radar  system  and  proces¬ 
sing  parameters,  a  browse  image  and  a  precision  SAR  image  fi¬ 
le,  where  the  user  may  choose  among  a  number  of  products. 

E-SAR  TECHNICAL  CHARACTERISTICS 

The  E-SAR  sensor  ^stem  is  characterized  by  a  modular  de¬ 
sign.  A  radar  signal,  i.e.  a  short  FM  coded  pulse  of  5  ps  dura¬ 
tion,  with  a  bandwidth  of  up  to  100  MHz  centred  around  an 
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intermediate  frequency  of  300  MHz  can  be  easily  converted 
into  any  other  frequency  band.  In  recent  years  front-ends  have 
been  realized  in  P-,  L-,  C-  and  X-Bands.  Today  we  put  effort 
into  the  development  of  a  new  S-Band  radar  segment. 

Antenna  technology  was  exploited  to  its  limits  to  obtain 
more  than  10%  bandwidth  from  a  microstrip  patch  array  in  P- 
Band.  This  is  also  the  design  goal  in  S-Band.  The  present  P- 
Band  dual-polarized  antenna  has  a  multi-layered,  high  dielec¬ 
tric  array  element  design.  The  antenna  is  a  2  by  4  element  ar¬ 
ray,  0.5  m  high  and  1.3  m  long.  Measurements  on  DLR’s 
antenna  range  showed  satisfactoiy  results,  so  that  radiometric 
calibration  of  the  data  is  possible.  All  relevant  E-SAR  techni¬ 
cal  parameters  are  given  in  Table  1. 

Further,  motion  compensation  for  L-Band  and  even  more  for 
P-Band  represents  a  difficult  task,  rather  than  in  X-  and  C- 
Band.  For  example,  to  obtain  a  P-Band  image  with  four  looks 
and  4  m  azimuth  resolution  the  total  integration  time  would  be 
in  the  order  of  25  to  43  seconds.  Hence,  the  platform  motions 
must  be  considered  critical.  GPS  augmenting  an  inertial  mea¬ 
surement  system  is  our  solution  to  this  problem.  We  have  sol¬ 
ved  it  for  L-Band.  In  P-Band,  however,  imagery  of  reasonable 
quality  can  only  be  obtained  today  at  lower  azimuthal  resoluti¬ 
on.  The  standard  P-Band  product  features  4  looks  and  12  m  re¬ 
solution  in  both  azimuth  and  slant  range  directions. 

The  E-SAR  radar  involves  antenna  technology  ranging  from 
a  pyramidal  horn  (X-Band)  over  microstrip  patch  arrays  (C- 
and  P-Band)  to  passiv  microstrip  phased  arrays  (L-  and  S- 
Band).  Transmitter  power  is  generated  by  pulsed  TWTAs  (X, 
S)  and  solid  state  devices  (C,  L,  P).  The  radar  pulse  is  genera¬ 
ted  either  by  a  digital  or  analogue  signal  generator  (DSG  or 
SAW),  where  the  digital  subsystem  provides  higher  flexibility 
in  terms  of  pulse  bandwidth  and  pulse  duration.  The  receiver 
incorporates  a  fast  gain  control  including  a  STC  for  signal  ad¬ 
aptation  to  two  6-bit  A/D-converters,  which  digitize  the  inpha¬ 
se  (I)  and  quadrature  (Q)  signal  components.  Three  different 
coherent  sampling  frequencies  (100  MHz,  60  MHz  and  20 
MHz)  allow  the  implementation  of  three  swath  modes  (narrow, 
wide  and  super  wide). 


Representative  radar  results  recently  obtained  are  shown  in 
Fig.  2,  3,  and  4,  The  selection  intends  to  demonstrate  the  ad¬ 
vantages  of  a  multi-frequency  SAR  system. 


Figure  2:  E-SAR  image  of  the  Oberpfaffenhofen  airfield 
showing  the  DLR  research  centre  beneath  the  runway.  (X- 
Band,  narrow  swath,  8  looks,  3  m  x  3  m  resolution.) 

A  simple  comparison  of  the  images  shown  in  Fig.  2  and  3  re¬ 
veals  differences  in  the  radar  signatures  typical  for  X-  and  L- 
Band.  The  visibility  of  a  gras  runway  in  Fig.  3  demonstrates 
the  volumetric  scattering  characteristics  in  L-Band.  Surface 
roughness,  on  the  contraiy,  is  better  reflected  in  X-Band.  Also 
apparent  is  the  rather  low  image  contrast  in  X-Band. 

Fig.  4  shows  a  test  area  for  agriculture  applications  in  South¬ 
ern  Germany  imaged  in  P-Band  with  horizontal  polarization. 
The  image  reveals  the  typical  high  contrast  between  wooded 


Table  1:  E-SAR  Technical  Key  Parameters 


RF-Band 

X-Band 

C-Band 

S-Band 

L-Band 

P-Band 

RF-centre  frequency 

9.6  GHz 

3.3  GHz 

1.3  GHz 

450  MHz 

Transmit  peak  power 

2500  W 

50  W 

2000  W  (goal) 

360  W 

180  W 

Receiver  noise  figure 

3.5  dB 

5.0  dB 

tbd 

8.0  dB 

4.5  dB 

Antenna  gain 

17.5  dB 

17  dB 

tbd 

17  dB 

12  dB 

Azimuth  beamwidth 

17” 

19” 

20”  (goal) 

18” 

30° 

Elevation  beamwidth 

30” 

33” 

35”  (goal) 

35” 

-60” 

Antenna  polarization 

Hand  V 

Hand  V 

Hand  V 

HandV 

HandV 

System  bandwidth 

120  MHz 

120  MHz 

120  MHz 

100  MHz 

25  (or  60)  MHz 
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Figure  3:  E-SAR  image  of  the  Oberpfaffenhofen  airfield 
showing  the  DLR  research  centre  beneath  the  runway.  (L- 
Band,  narrow  swath,  8  looks,  3  m  x  3  m  resolution.) 


areas  and  graslands.  The  amount  of  radio  interference  is  low. 
In  general  we  have  about  20  dB  less  distortion  with  horizontal 
as  with  vertical  polarization. 

E-SAR  IMAGING  GEOMETRY 

The  E-SAR  is  able  to  collect  raw  data  in  three  different 
swath  modes,  narrow  (3  km),  wide  (5  km)  and  super  wide 
swath  (15  km),  with  accordingly  reduced  slant  range  resoluti¬ 
on.  One  range  line  consists  of  2k  complex  samples,  which  is  fi¬ 
xed  by  the  present  onboard  data  recording  system.  Thus,  a 
larger  coverage  in  range  can  only  be  obtained  by  increasing  the 
slant  range  sample  spacing,  narrow  swath  (1.5  m),  wide  swath 
(2.5  m)  and  super  wide  swath  (7.5  m). 

E-S AR’s  imaging  geometry  is  ruled  by  flight  altitude,  swath 
width  and  antenna  footprint.  Flight  operations,  which  require 
maximum  endurance  of  the  platform,  can  only  be  performed  at 
altitudes  up  to  3600  m  above  mean  sea  level  (flight  level  FL 
120).  The  off-nadir  angle  ranges  from  25“  to  60“  (narrow 
swath)  or  70“  (wide  swath).  At  an  altitude  of  5700  m  (FL  190) 
the  off-nadir  angle  in  far  range  is  reduced  to  55“  (narrow 
swath)  and  65°  (wide  swath).  The  endurance,  however,  is  redu¬ 
ced  by  approx.  20%,  because  additional  equipment  providing 
oxygen  has  to  be  installed  in  the  aircraft. 

Narrow  and  wide  swath  imagery  of  land  surface  can  be  ob¬ 
tained  in  all  spectral  bands  with  a  ground  range  coverage  of  3.5 
to  4  km  and  5.5  to  6  km,  respectively.  Sea  surface  must  be 
imaged  in  narrow  swath  mode  only,  due  to  limited  available  si¬ 


Figure  4:  E-SAR  image  showing  agricultural  fields  and  wood¬ 
lands  located  north  of  the  city  of  Weilheim.  The  river  Ammer 
is  visible  along  the  image  centre  line.  (P-Band,  wide  swath,  4 
looks,  12  m  X  12  m  resolution.) 

gnal  power,  especially  at  low  sea  state.  The  off-nadir  angle  ran¬ 
ge  in  this  case  is  reduced  to  25“  to  55“. 

At  the  present  we  do  not  offer  the  super  wide  swath  mode, 
because  the  processing  is  not  yet  fully  operational.  Flight  tests 
showed,  that  this  mode  is  useful  in  L-Band  over  land  surface. 

CURRENT  AND  FUTURE  ACTIVITIES 

Our  current  development  work  on  the  E-SAR  system  is 
mainly  aimed  at  a  new  digital  control  and  data  recording  unit. 
The  final  goal  is  the  capability  of  recording  4  channels  quasi- 
simultaneously  at  full  data  rate.  This  allows  polarimetric  mea¬ 
surements  in  one  frequency  band  or  multispectral  measure¬ 
ments  at  one  polarization  carried  out  on  a  pulse-to-pulse  basis. 
The  use  of  two  parallel  receiver  chains  in  each  radar  RF  modu¬ 
le  is  not  intended  at  the  moment. 

Multi-channel  Operation 

As  an  intermediate  step  we  realized  in  1995  the  possibility 
to  obtain  multi-polarization  data  in  L-Band  with  the  present 
M14LR  recording  system.  As  the  Doppler  bandwidth  in  L- 
Band  equals  only  266  Hz  at  a  ground  speed  of  75  m/s  the  radar 
records  a  frame  of  4  samples  with  switched  polarization  (HH, 
HV,  VH,  VV)  at  an  nominal  PRF  of  300  Hz  (per  frame).  Each 
range  line  carries  a  special  ID  to  allow  for  proper  separation 
before  off-line  SAR  processing.  First  results  of  successful 
flight  trials  are  expected  soon  to  be  released.  Consequently  we 
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are  now  modifying  the  P-Band  section  of  the  radar  in  order  to 
obtain  multi-polarization  data  sets  as  well. 

P-Band  SAR  Processing 

During  EMAC’94  and  ’95  remote  sensing  campaigns  we  re¬ 
cognized,  that  P-Band  image  quality  is  suffering  badly  from 
TV/MobileCom  interference  especially  in  vertical  polarizati¬ 
on.  At  the  present  the  radar  segment  reveals  its  full  potential 
only  over  areas  with  no  telecommunications  facilities.  We 
have  taken  steps  so  far  in  reducing  the  radar’s  bandwidth  to  25 
MHz  (or  60  MHz)  at  the  input  to  the  low  noise  preamplifier. 
However,  it  is  still  necessary  to  implement  adaptive  interfe¬ 
rence  filtering  in  the  off-line  processing  to  remove  distortions. 

SAR  Interferometiy 

Much  effort  was  put  into  the  realization  of  a  radar  front-end 
for  both  across  and  along  track  single-pass  SAR  interferometry 
in  X-Band.  Additional  antenna  mounts  were  attached  to  the 
right  hand  side  of  the  aircraft  for  both  configurations.  The  me¬ 
chanical  baselines  are  approx.  150  cm  (across  track)  and  80  cm 
(along  track).  Switched  from  pulse  to  pulse  both  antennas  are 
transmitting  and  receiving  radar  signals. 

In  1995  flight  trials  resulted  in  useful  data  sets  obtained  in 
the  across  track  configuration  and  off-line  SAR  processing  has 
provided  first  interferometric  phase  information.  However,  the 
system  performance  is  not  yet  fully  satisfactory.  New  antennas 
featuring  higher  bandwidth  and  higher  gain  will  be  integrated 
to  improve  SNR  and  resolution. 

The  evaluation  of  one  data  set  resulted  in  the  successful  ge¬ 
neration  of  an  interferometric  phase  image  shown  in  Fig.  5 
with  the  flat  Earth  removed.  Fig.  6  finally  shows  the  derived 
digital  elevation  model  of  a  Munich  city  garbage  dump  with  a 
bight  resolution  of  approximately  1  m  and  an  absolute  accura- 


Figure  5:  E-SAR  X-Band  interferometric  SAR  phase  image 
with  the  flat  Earth  removed.  Site:  City  garbage  dump  located 
north  of  the  city  of  Munich,  Germany. 


Figure  6:  Digital  elevation  model  (DEM)  of  the  Munich  City 
garbage  dump  obtained  by  E-SAR  in  across  track  interferome¬ 
tric  SAR  mode.  Hight  accuracy:  ^  5  m.  Resolution:  1  m. 

cy  of  approximately  5  m.  This  is  our  first  result  obtained  with 
X-Band  across  track  single-pass  SAR  interferometiy. 
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ABSTRACT  AIRCRAFT 


EMISAR  is  a  C-  and  L-band  fully  polarimetric  (i.e.  4  com¬ 
plex  channel  per  frequency)  synthetic  aperture  radar  designed 
for  remote  sensing  with  high  demands  for  resolution  (2  m), 
polarization  discrimination,  and  absolute  radiometric  and 
polarimetric  calibration.  The  present  installation  has  one  3- 
axes  stabilized  antenna  (C-  or  L-band)  and  two  flush  mounted 
C-band  antennas  providing  the  system  with  cross  track  and 
repeat  track  interferometric  capabilities. 

INTRODUCTION 

Electromagnetics  Institute  (EMI)  began  operating  its  C-band, 
vertically  polarized,  Synthetic  Aperture  Radar  (SAR)  in 
1989.  The  radar  has  a  100  MHz  bandwidth  and  an  80  km 
range.  A  full  swath,  full  resolution  real-time  processor  was 
completed  in  1992.  The  C-band  system  has  since  been  up¬ 
graded  to  fully  polarimetric  capability,  and  the  first  test 
flights  took  place  in  the  fall  of  1993.  An  additional  L-band 
system  with  full  polarimetric  capability  and  the  same  resolu¬ 
tion  and  image  quality  was  completed  and  tested  early  1995. 
The  system  was  upgraded  to  interferometric  capability  in 
1995  and  the  work  on  perfecting  the  installation  and  the 
processing  software  is  ongoing. 

The  major  application  of  the  system  is  data  acquisition  for 
the  research  of  the  Danish  Center  for  Remote  Sensing 
(DCRS)  which  has  been  established  at  EMI  with  funding 
from  the  Danish  National  Research  Foundation.  The  upgrade 
to  polarimetry  has  been  supported  by  the  Joint  Research 
Centre  (JRC)  of  the  European  Community  with  the  intention 
that  EMI  will  operate  the  polarimetric  SAR  for  JRC  in  con¬ 
nection  with  the  intended  EARSEC  (European  Airborne  Re¬ 
mote  Sensing  Capabilities)  campaigns.  During  1994  and 
1995  the  SAR  system  has  been  used  to  acquire  polarimetric 
data  for  EMAC  (European  Multi-sensor  Airborne  Cam¬ 
paigns)  organized  and  sponsored  by  ESA  [1  ]. 

SAR  SYSTEM  RADAR  HARDWARE 

The  SAR  consists  of  an  airborne  system  (the  SAR  sensor 
including  2  sensors  with  antennas),  and  a  ground  segment 
(the  off-line  processing  facility).  Figure  1  gives  an  overview 
of  the  complete  system  while  Table  1  summarizes  the  more 
important  performance  parameters  of  the  sensor. 


The  EMISAR  is  operated  on  a  Gulfstream  G-3  aircraft  of  the 
Royal  Danish  Air  Force  (RDAF).  The  G~3  is  a  twin  engine 
jet,  with  a  6000  km  range.  The  radar  is  usually  operated  at  an 
altitude  of  41,000  ft.  but  lower  altitudes  are  used  in  some 
modes. 

The  size,  weight,  and  power  consumption  allows  the  com¬ 
plete  dual  frequency  system  to  be  transferred  to  a  smaller  jet 
aircraft  of  the  size  of  a  Falcon  20  but  the  large  range  and  high 
ceiling  of  the  G-3  has  advantages  with  regard  to  data  acquisi¬ 
tions  at  distant  sites  and  flexibility  in  imaging  geometry.  The 
G-3  can  reach  most  sites  in  Europe,  carry  out  the  mapping, 
and  return  to  the  home  base  within  one  or  two  days. 

The  aircraft  flight  director  gets  its  navigation  information 
from  an  inertial  navigation  system  and  thus  has  a  limited  ac¬ 
curacy  which  is  sufficient  for  normal  flights.  The  SAR  con¬ 
trol  computer  gets  navigation  information  from  the  aircraft  P- 
code  GPS  receiver  and  emulates  an  instrument  landing  sys¬ 
tem  (ILS)  receiver  which  is  connected  to  the  aircraft  flight  di¬ 
rector  computer.  In  this  way  the  actual  flight  track  during 
mapping  can  be  kept  within  a  few  meters  of  the  desired  track. 

ANTENNA  POD  INSTALLATION 

A  polarimetric  antenna  system  and  the  radar  INU  are  in¬ 
stalled  in  a  pod  mounted  below  the  fuselage,  which  facilitates 
rapid  system  installation  and  dismount.  The  pod  installation 
includes  a  3-axes  stabilized  antenna  that  allows  zero  Doppler 


Table  1 .  EMISAR  performance  parameters 


Frequency 

5.3  GHz 

1.25  GHz 

Polarization 

Polarimetric 

Polarimetric 

Antenna  cross 
polarization 

<  -30  dB 

<  -35  dB 

Azimuth  ambiguity 

<  -30  dB 

<  -30  dB 

Resolution  in  slant  range 

2, 4  or  8  m 

2,  4  or  8  m 

Resolution  in  azimuth 

2,  4  or  8  m 

2,  4  or  8  m 

Swath  width 

12  or  24  km 

12  or  24  km 

Range  (at  noise 
equivalent  Gon  <  -20  dB) 

Max.  80  km 

Max.  64  km 

PSLR  (In  azimuth  only  at 
good  flight  conditions) 

30  dB 

25  dB 

ISLR  (In  azimuth  only  at 
good  flight  conditions) 

25  dB 

25  dB 

Intrinsic  cross-talk  terms 

<  -30  dB 

<  -35  dB 

Calibrated  cross-talk 
terms 

<  -35  dB 

TBD 

’  Electromagnetics  Institute  (EMI,  TUD)  changed  name  per  LI. 96  to  Dept,  for  Electromagnetic  Systems  (EMI,  DTU) 
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Figure  1.  EMISAR  C-  and  L-band  SAR  system  overview  with  airborne  and  ground  based  segments. 


mapping.  However,  the  present  pod  has  only  room  for  one 
antenna,  i.e.  either  L-  or  C-band.  The  radar  electronics  has 
been  designed  for  simultaneous  L-  and  C-band  operation. 


topographic  mapping  and  change  detection  are  possible  al¬ 
though  the  method  does  require  a  challenging  off-line 
processing  [3]. 


DUAL  FREQUENCY  AND  INTERFEROMETRY 


ANTENNAS 


In  1995  one  RDAF  Gulfstream  aircraft  was  augmented  with 
two  flush  mounted  antennas  primarily  intended  for  interfer¬ 
ometric  SAR  applications.  However,  both  antennas  are  fully 
polarimetric  thus  this  installation  offers  a  possibility  for  si¬ 
multaneous  dual  frequency  operation,  although  not  at  zero 
Doppler.  The  data  rate  needed  for  the  squinted  operation  with 
the  present  hardware  does  not  permit  full  resolution/swath 
dual  frequency  operation  with  full  polarimetry. 

The  flush  mounted  installation  presently  has  a  physical 
baseline  of  1.1  m  and  topographic  mapping  (aiming  at  pro¬ 
ducing  digital  elevation  models)  with  this  system  has  already 
been  demonstrated  [2].  The  complete  installation,  having  one 
antenna  in  the  pod  and  two  flush  mounted  antennas,  also  has 
the  capability  of  along  track  interferometry  although  that 
feature  has  not  yet  been  tested. 

The  system  has  been  extended  to  support  repeat  track  inter¬ 
ferometry  (RTI)  but  this  mode  is  still  under  development. 
Very  accurate  track  geometry  is  possible  by  the  SAR  control 
computer  emulating  an  ILS  receiver  making  actual  tracks  de¬ 
viate  only  a  few  meter  from  the  desired.  Very  high  resolution 


The  antenna  for  C-band  is  a  dual  polarized  32x7  element  mi¬ 
crostrip  antenna  designed  to  approximate  a  modified  cosec- 
squared  elevation  radiation  pattern  for  optimum  illumination 
of  the  ground.  The  design  has  achieved  high  polarization  dis¬ 
crimination,  [4],  [5]. 

The  L-band  antenna  is  a  dual  polarized  8x2  element  micro - 
strip  antenna  with  even  better  high  polarization  discrimina¬ 
tion.  In  order  to  obtain  the  required  bandwidth  the  elements 
are  stacked  microstrip  patches  [6]. 

The  antenna  designs  have  furthermore  been  optimized  to 
improve  the  system  azimuth  sidelobe  performance  [7].  Some 
of  the  more  important  an  tenna  parameters  are  listed  for  both 
frequencies  in  Table  1. 

The  antenna  attitude  is  automatically  controlled.  The  an¬ 
tenna  depression  is  set-up  before  each  mapping  to  give  the 
appropriate  illumination  of  the  target  area.  The  aircraft  atti¬ 
tude  is  measured  by  an  inertial  navigation  unit  (INU)  located 
next  to  the  antenna,  and  the  antenna  pointing  is  continuously 
updated  to  compensate  for  aircraft  motion  during  mapping. 
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THE  SENSORS 

The  two  sensors,  one  for  C-band  and  one  for  L-band  are 
identical  except  for  the  microwave  subsystems. 

Digitally  generated  modulation  waveforms  are  converted 
to  an  I,  Q  pair  of  baseband  signals  which  are  upconverted, 
amplified,  and  then  guided  to  the  antennas.  The  signals  re¬ 
ceived  by  the  antennas  are  amplified  and  downconverted  to 
an  I,  Q  pair  of  baseband  signals.  The  analog  subsystems  are 
temperature  regulated  to  assure  high  stability. 

The  I,  Q  baseband  signals  are  digitized  to  8  bit  samples  at 
100  Mhz  and  the  received  baseband  signals  is  range  pre-fil¬ 
tering  (if  reduced  bandwidth  and  wider  swath  has  been  re¬ 
quested),  double  buffered,  first  order  motion  compensated, 
and  azimuth  pre-filtered  and  decimated  to  the  requested  pixel 
spacing.  The  pre-processed  data  are  sent  to  the  high  density 
digital  tape  recorder  (HDDT)  which  has  sufficient  capacity 
for  the  necessary  ancillary  information  plus  the  output  of  both 
sensors  at  1 .5  m  pixel  spacing  (240  Mbit/s).  The  data  are  also 
sent  to  the  real  time  processor,  [8],  [9],  which  performs  the 
SAR  processing  at  full  swath  and  resolution  of  one  channel 
(although  with  some  limitations  at  L-band  and  for  squinted 
data). 

The  HDDT  can  accept  all  8  channels  at  1.5  m  pixel  spac¬ 
ing  which  is  sufficient  only  when  the  signals  are  recorded  at 
zero  Doppler  (a  limitation  of  the  existing  azimuth  pre-filter). 
With  the  present  installation  one  sensor  will  use  the  flush 
mounted  antennas  and  thus  simultaneous  dual  frequency  po- 
larimetric  operation  is  not  yet  supported  at  the  highest  reso¬ 
lution  with  a  full  swath. 

ABSOLUTE  CALIBRATION 

The  SAR  system  has  been  designed  and  thoroughly  tested  to 
provide  absolute  radiometrically  and  polarimetrically  cali¬ 
brated  data.  This  is  accomplished  by  1)  having  a  very  stable 
system,  2)  performing  internal  calibration  of  this  system  im¬ 
mediately  before  and  after  each  data  take,  and  3)  by  per¬ 
forming  an  absolute  calibration  at  each  mission  using  exter¬ 
nal  standards. 

EMISAR  employs  a  unique  internal  calibration  system 
which  greatly  relieves  the  dependence  on  external  calibration 
targets:  by  measuring  system  parameters  via  internal  signal 
loops  just  before  and  after  mapping  a  scene,  a  calibrated  im¬ 
age  can  be  generated  assuming  knowledge  and  stability  of  a 
few  passive  components  [10],  [1 1],  [12]. 

The  internal  calibration  procedure  comprises  channel  am¬ 
plitude-  and  phase-imbalance  correction,  absolute  radiometric 
calibration,  and  it  has  a  potential  for  range  delay  calibration, 
STC  calibration,  and  noise  estimation,  as  well.  Furthermore, 
the  built-in  calibration  paths  allow  the  pulse-based  procedure 
to  calibrate  almost  the  complete  system,  including  both  the 
transmitter  and  the  receiver,  but  not  the  antenna. 

A  3-axes  stabilized  antenna  has  been  chosen  for  both  fre¬ 
quencies  (the  flush  mounted  antennas  are  not  used  for  pola- 
rimetric  calibrated  modes)  to  avoid  the  calibration  uncertainty 
otherwise  caused  by  temporal  variation  of  the  antenna  point¬ 
ing  error.  The  antenna  is  pointed  perpendicular  to  the  desired 


track  to  permit  zero  Doppler  processing.  The  antennas  which 
are  not  included  in  the  internal  calibration  loops  have  been 
calibrated  to  an  accuracy  of  0.1  dB  on  the  directivity  and  0.2 
dB  on  the  absolute  gain  by  using  the  ESA-TUD  Spherical 
Near-Field  Antenna  Test  Facility  [13].  The  cross  polarization 
terms  of  the  antenna  gains  have  not  been  included  in  the  cali¬ 
bration. 

To  facilitate  the  absolute  (external)  calibration,  a  calibration 
test  site  (with  3  trihedral  and  4  dihedral  corner  reflectors)  has 
been  established  in  cooperation  with  Research  Centre  Foulum 
which  is  also  collaborating  with  DCRS  on  research  in  map¬ 
ping  soil  and  plants.  This  site  is  mapped  on  all  mission  s  and  a 
very  significant  number  of  calibration  data  sets  are  available. 

The  results  obtained  for  the  3  dB  resolution,  the  peak  side 
lobe  ratio  (PSLR)  and  the  integrated  side  lobe  ratio  (ISLR) 
using  the  co-polar  trihedral  responses  are  summarized  in 
Table  2. 

The  calibration  stability  has  been  examined  based  on  a 
three  day  campaign  where  first  two  C-band  calibration  scenes 
were  acquired,  then  four  L-band  scenes,  and  finally  two  ad¬ 
ditional  C-band  scenes,  i.e.  the  antenna  was  dis-mounted  and 
re-mounted  between  the  two  C-band  missions.  Using  internal 
calibration  only,  the  standard  deviations  of  the  absolute  cali¬ 
bration  and  the  channel  imbalance  was  calculated.  Table  3. 
Obviously  a  single  external  calibration  per  mission  suffice. 

For  absolute  calibration  and  channel  imbalance  correction, 
the  internal  calibration  is  complemented  by  corrections  de¬ 
rived  from  external  calibration  results.  These  corrections  are 
small  and  vary  little  from  mission  to  mission.  They  were  de¬ 
termined  in  an  initial  calibration  experiment,  and  on  most 
missions  they  are  checked  and  adjusted  if  necessary  by  exter¬ 
nal  calibration. 

Cross-talk  calibration  may  be  carried  out  using  distributed 
targets  for  which  the  true  co-  and  cross-polarized  returns  are 
uncorrelated.  This  requirement  is  met  by  natural  targets  with 
azimuthal  symmetry.  Unlike  most  other  algorithms,  the  Que- 
gan  algorithm  [15]  is  non-iterative,  and  since  it  has  previ- 


Table  2.  L-band  and  C-band  impulse  response  statistics 
based  on  2.0  m  trihedrals  (average  ±standard  deviation). 


L-band 

azimuth 

range 

3  dB  resolution 

(m) 

2.05  ±  0.02 

1.98  +  0.02 

PSLR 

(dB) 

-25.212.0 

-25.8  ±  1.3 

ISLR 

(dB) 

-25.1+2.4 

-22.81 1.7 

C-band 

azimuth 

range 

3  dB  resolution 

(m) 

1.9710.01 

2.09  +  0.01 

PSLR 

(dB) 

-31.9  +  2.4 

-30.912.1 

ISLR 

(dB) 

-30.810.8 

-29.01 1.2 

Table  3.  Standard  deviation  of  residual  calibration 
errors  after  internal  calibration.. 


Frequency 

TX  imbal¬ 
ance 

RX  imbal¬ 
ance 

Absolute 

cal. 

L-band 

0.12dB  l.r 

0.20  dB  2.2° 

0.51  dB 

C-band 

0.07  dB  1.2° 

0.14  dB  1.6° 

0.05  dB 
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ously  shown  good  results  for  AIRSAR  data,  it  has  been  used 
-  in  an  enhanced  version  providing  4  channels  -  to  estimate 
the  rather  small  residual  cross-talk  from  the  EMISAR  data 

[1] .  Recent  results  seem  to  question  that  natural  targets  in 
general  can  be  assumed  to  have  sufficient  azimuthal  symme¬ 
try.  Therefore  EMISAR  data,  considering  their  low  intrinsic 
cross  talk  (Table  1),  are  usually  not  cross-talk  corrected. 

PROCESSING  CAPACITY 

The  processing  of  SAR  data  to  quality  images  used  to  be  a 
very  time  consuming  task  for  standard  computers.  However, 
with  3  of  todays  fast  RISC  work  stations  with  adequate  RAM 
the  computer  capacity  for  processing  polarimetric  SAR  data 
is  in  excess  of  1000  fully  polarimetric  (i.e.  4  channels,  12  by 
12  km,  2  by  2  m  resolution)  scenes  a  year.  With  the  recent 
acquisition  of  a  parallel  computer  facility  the  computer  ca¬ 
pacity  is  not  the  problem. 

However,  bottlenecks  during  HDDT  transcription,  lack  of 
automated  set-up  in  parts  of  the  processing  chain  and  output 
product  generation  presently  limits  the  actual  throughput  to  a 
somewhat  lower  number.  The  HDDT  reliability  is  a  weak 
link.  Presently  the  actual  processing  throughput  is  around  10 
polarimetric  scenes  per  week.  Work  on  automating  the  entire 
processing  chain  is  in  progress  and  further  improvements  of 
the  capacity  is  expected  during  the  summer  of  1996. 

REFERENCES 

[1]  J.  Dali,  S.  Nprvang  Madsen,  H.  Skriver,  S.  Savstrup 
Kristensen,  and  E.  Lintz  Christensen,  “EMISAR  De¬ 
ployment  in  the  EMAC  ‘94  Campaign”,  Electromag¬ 
netics  Institute,  The  Technical  University  of  Denmark, 
Lyngby,  Denmark,  R  600,  Sept.  1994. 

[2]  S.N.  Madsen,  N.  Skou,  J.  Granholm,  K.  Woelders,  E.L. 
Christensen,  "A  System  for  Airborne  SAR  Interferome¬ 
try",  European  Conference  on  Synthetic  Aperture  Radar, 
EUSAR  ‘96,  Konigswinter,  Germany,  26-28  March, 
1996,  and  in  the  International  Journal  of  Electronics  and 
Communication,  Germany  (AEU),  March  1996.  Both  in 
press. 

[3]  J.J.  Mohr  and  S.  Nprvang  Madsen,  “Parametric  Estima¬ 
tion  of  Time  Varying  Baselines  in  Airborne  IFSAR”, 
International  Geoscience  and  Remote  Sensing  Sympo¬ 
sium,  IGARSS  ‘96,  Nebraska,  USA,  27-31  May  1996, 
In  press. 

[4]  K.  Woelders  and  J.  Granholm,  “Design  and  Perform¬ 
ance  of  a  Dual-Linearly  Polarized  C-band  Microstrip 
Array  Antenna”,  Second  International  Workshop  on 
Radar  Polarimetry,  Nantes,  France,  Sept.  1992,  pp.  369- 
378. 


[5]  J.  Granholm,  K.  Woelders,  M.  Dich  and  E.  Lintz  Chri¬ 
stensen,  “Microstrip  Antenna  for  Polarimetric  C-band 
SAR”,  IEEE  AP-S  International  Symposium  and  URSI 
Radio  Science  Meeting,  Seattle,  Washington,  June  19- 
24,  1994 

[6]  N.  Skou,  J.  Granholm,  K.  Woelders,  J.  Rohde,  J.  Dali, 
and  E.  Lintz  Christensen,  “A  high  Resolution  Polarimet¬ 
ric  L-Band  SAR  -  Design  and  First  Results”,  IGARSS 
95,  1995  International  Geoscience  and  Remote  Sensing 
Symposium,  Firenze,  July  10-14,  1995,  Vol.  3,  pp  1779- 
1782. 

[7]  E.  Lintz  Christensen  and  M.  Dich,  “SAR  Antenna  De¬ 
sign  for  Ambiguity-  and  Multipath  Suppression”, 
IGARSS  ’93,  1993  International  Geoscience  and  Re¬ 
mote  Sensing  Symposium,  Tokyo,  August  18-21,  1993, 
Vol.  2,  pp  784-787. 

[8]  J.  Dali,  J.  Hjelm  Jprgensen,  E.  Lintz  Christensen  and  S. 
Nprvang  Madsen,  “Real-Time  Processor  for  the  Danish 
Airborne  SAR”,  lEE  Proceedings  Part  F,  Special  part  on 
Remote  Sensing,  pp  1 15-121,  April  1992. 

[9]  J.  Dali,  J.  Hjelm  Jprgensen,  A.  Netterstrpm,  N.  Vardi,  E. 
Lintz  Christensen,  and  S.  Nprvang  Madsen,  “The 
Danish  Real-Time  SAR  Processor:  First  Results”, 
IGARSS  '93,  1993  International  Geoscience  and 
Remote  Sensing  Symposium,  Tokyo,  August  18-21, 
1993,  Vol.  3,  pp  1401-1403. 

[10]  A.L.  Gray,  P.W.  Vachon,  C.E.  Livingstone,  and  T.I. 
Lukowski,  “Synthetic  Aperture  Radar  Calibration  Using 
Reference  Reflectors”,  IEEE  Transactions  on  Geosci¬ 
ence  and  remote  Sensing,  Vol.  28,  No  3,  pp.  374-383, 
May  1990. 

[11]  N.  Skou,  “The  Danish  Polarimetric  SAR  System”, 
Second  International  Workshop  on  Radar  Polarimetry, 
Nantes,  France,  8-10.  September  1992,  pp  525-533. 

[12]  J.  Dali,  Niels  Skou,  E.  Lintz  Christensen,  “Pulse-based 
Internal  Calibration  of  Polarimetric  SAR”,  IGARSS'94, 
1994  International  Geoscience  and  Remote  Sensing 
Symposium,  California,  USA,  8-12  August  1994. 

[13]  J.E.  Hansen  (Ed),  “Spherical  Near  Field  Antenna  Meas¬ 
urements”,  Peter  Peregrinus,  London,  1988 

[14]  Henning  Skriver,  J0rgen  Dali,  Spren  Nprvang  Madsen, 
“External  Polarimetric  Calibration  of  the  Danish  Polari¬ 
metric  C-band  SAR”,  IGARSS’94,  1994  International 
Geoscience  and  Remote  Sensing  Symposium,  Califor¬ 
nia,  USA,  8-12  August  1994 

[15]  S.  Quegan,  “A  Unified  Algorithm  for  Phase  and  Cross- 
Talk  Calibration  of  Polarimetric  Data  -  Theory  and 
Observations”,  IEEE  Transaction  on  Geoscience  and 
Remote  Sensing,  Vol.  2,  No.  1,  pp.  89-99,  January  1993. 


1632 


First  Results  and  Status  of  the  PHARUS  Phased  Array  Airborne  S  AR 


H.  Greidanus,  P.  Hoogeboom,  P.  Koomen 
TNO  Physics  and  Electronics  Laboratory 
P.O.  Box  96864,  2509  JG  Den  Haag,  The  Netherlands 
tel.  +31-70-3740000,  fax  +3L70-3280961,  e-mail  greidanus@fel.tno.nl 

P.  Snoeij 

Delft  University  of  Technology,  Lab.  for  Telecom,  and  Remote  Sensing  Technology 

H.  Pouwels 

National  Aerospace  Laboratory  NLR 


Abstract  -  PHARUS  is  an  airborne  fully  polarimetric  C- 
band  SAR.  It  uses  a  compact  phased  array  antenna  with 
electronic  beam  steering.  Its  design  provides  for  a  flexible 
and  robust  system  concept,  suited  for  operational  use  on  small 
aircraft.  PHARUS  was  developed  in  The  Netherlands  to  cater 
for  both  the  military  and  civil  markets.  Its  development  was 
initiated  in  1987  and  has  now  resulted  in  completion  of  the 
system,  which  made  its  maiden  flight  in  September  1995. 

In  the  paper,  the  particulars  of  PHARUS  will  be  discussed, 
with  special  attention  to  the  antenna,  followed  by  the  SAR 
processing,  use  of  the  system,  its  history  and  status,  and 
foreseen  future  developments. 

INTRODUCTION 

PHARUS  (“Phased  Array  Universal  SAR”)  is  an  airborne, 
fully  polarimetric  C-band  SAR.  Its  special  characteristic  is  the 
use  of  an  electronically  steerable  phased  array  antenna,  with 
each  (individually  replaceable)  antenna  element  consisting  of 
a  dual  polarized  patch  mounted  on  a  T/R  module  based  on 
(M)MIC  technology.  This  antenna  design  results  in  a  system 
concept  that  is  compact,  robust  and  flexible,  making  it 
suitable  for  economic  use  on  small  aircraft.  Furthermore,  it  is 
the  technology  envisaged  for  future  spaceborne  radars. 

The  current  antenna  contains  48  (2x24)  elements  with  a 
total  peak  power  output  of  475  W  (in  tapered  mode)  at  5.3 
GHz  (chirped).  The  beam  is  steerable  over  -/+15°  in 
elevation  and  — /+20°  in  azimuth.  The  compact  design 
necessitates  pumped  liquid  cooling.  The  next  section  will 
provide  some  more  information  on  the  PHARUS  antenna. 
Concerning  other  characteristics  of  PHARUS,  it  uses  motion 
compensation  as  recorded  by  a  cascade  of  motion  sensors 
with  increasing  precision  (GPS  and  lasergyro-IRS  systems  in 
the  aircraft,  and  an  Attitude  Reference  Assembly  in  the 
antenna  itself);  its  current  platform  is  a  Cessna  Citation  II 
operating  at  a  speed  of  around  150  m/s  up  to  large  (14  km) 
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altitudes;  the  radar  data  are  digitally  recorded  with  a 
maximum  rate  of  100  Mbyte/sec  on  a  DCRSi;  and  the  system 
is  operated  through  a  console,  on  which  gain,  beam  pointing, 
image  mode,  swath  location  (up  to  26  km  out)  and  other 
imaging  parameters  can  be  set.  Possible  image  modes  are  4,  8 
or  16  m  resolution  (at  3  -  20  looks),  1,  2  or  4  polarization 
channels  (the  latter  being  fully  polarimetric,  i.e.  including 
phase  information)  and  swath  width  between  3  and  20  km. 
The  single  look  azimuth  resolution  is  1  m.  The  data  rate 
actually  being  the  limiting  factor,  it  is,  however,  not  possible 
to  combine  full  polarimetry  at  the  highest  resolution  with  the 
widest  swath. 


ANTENNA 

Given  the  C-band  frequency,  the  scan  range  of  the  beam 
mentioned  above  dictates  an  antenna  element  spacing  of  4 1  x 
44  mm.  This  is  also  the  size  of  the  T/R  modules,  which  are  in 
addition  160  mm  deep.  The  necessary  miniaturization  is 
attained  by  the  use  of  MMIC  technology.  The  top  of  each  T/R 
module  is  a  radiating  square  patch  positioned  in  the  antenna 
plane.  The  patch  is  fed  from  two  adjacent  sides  by  a  hybrid 
ring  (“rat  race”);  both  sides  are  excited  with  the  same 
amplitude  for  each  transmit  polarization  (H  or  V),  but  either 
in  phase  or  anti-phase.  With  this  arrangement  a  polarization 
decoupling  of  better  than  25  dB  is  reached  within  the  main 
(-3  dB)  beam,  necessary  for  accurate  polarimetric 
measurements.  The  T/R  module  further  contains  a  power 
amplifier  (PA),  two  low-noise  amplifiers  (LNA)  and  two 
vector  modulators.  In  dual  polarization  transmit  mode,  the  20 
W  PA  is  connected  to  alternately  the  H-  and  V-channel;  in 
receive  mode,  both  channels  operate  simultaneously  using 
their  own  LNA.  Microwave  switching  is  controlled  by  digital 
timing  and  control  circuits.  Total  transmit  gain  of  each  T/R 
module  is  55  dB,  total  receive  gain  30  dB. 

The  setting  of  the  vector  modulators  (4  bit  in  amplitude 
and  7  bit  in  phase)  is  generated  using  two  look-up  tables 
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(LUTs)  per  T/R  module.  The  values  of  the  first  LUT  have 
been  assigned  by  calibration  after  construction  of  the  T/R 
module,  to  make  all  T/R  modules  behave  identically.  The 
second  LUT,  associated  not  with  a  specific  T/R  module  but 
with  a  specific  position  in  the  antenna  plane,  has  been 
calibrated  after  construction  of  the  complete  antenna  in  order 
to  produce  the  desired  full  antenna  pattern.  Each  T/R  module 
is  also  equipped  with  a  separate  calibration  channel,  enabling 
an  internal  calibration  procedure.  This  autocalibration  can  be 
performed  in-flight,  as  often  as  needed  to  correct  for 
electronic  drift. 


PROCESSING 

On  board  the  aircraft,  a  real-time  quick-look  SAR 
processor  will  be  available  for  immediate  verification.  The 
ground  segment  of  the  PHARUS  system  consists  of  the 
Generic  SAR  Processor  (GSP),  a  UNIX-based  processor  that 
can  handle  not  only  PHARUS  data  but  also  SAR  data  from 
other  air-  or  spaceborne  sources.  It  has  been  used  for  ERS-1 
and  JERS-1  data.  For  aircraft,  it  is  able  to  use  the  recorded 
platform  motion  data  for  motion  compensation;  it  also  has  an 
autofocus  capability  for  automatic  Doppler  centroid  and 
Doppler  rate  estimation.  The  GSP  accommodates  polarimetric 
calibration  (including  e.g.  cross-talk  removal  and  the  use  of 
external  calibrators  such  as  corner  and  active  reflectors)  and 
quality  control  functions  (beam  width,  side  lobe  level,  ENL, 
etc.).  Output  of  the  GSP  are  images  in  several  formats  of 
choice,  to  be  ingested  into  commercial  image  processing 
packages. 

USE 

The  characteristics  of  the  PHARUS  system  make  it  an 
economically  viable  option,  particularly  suitable  for 
operational  use.  It  can  be  flown,  affixed  with  a  rigid 
mounting,  on  small  (hence  economic)  aircraft;  its  modular 
design  results  in  robustness,  since  failure  of  one  (or  even 
several)  of  the  individual  T/R  modules  only  slowly  degrades 
the  performance,  and  not  totally  aborts  operation.  Broken 
modules  may  be  quickly  replaced,  and  the  pre-defined-  and 
auto-calibration  bring  the  system  immediately  up  to  specs.  Its 
ability  to  fly  high  (and  fast)  provides  efficient  and  stable 
operation,  also  in  mountainous  areas  and  turbulent  skies. 

PHARUS'  system  parameters  make  it  suitable  for  many 
applications,  including  mapping,  land  use  inventory 
(including  forestry  and  agriculture),  but  also  maritime 
applications  such  as  ship  traffic  monitoring,  oil  spill  detection 
and  ocean  wave  measurements.  The  polarimetric  capability 
provides  additional  discerning  power,  enhancing  possible 


military  uses  of  the  system  (object  recognition,  etc.).  In  these 
applications,  PHARUS  can  be  used  in  addition  to  satellite 
data  on  account  of  the  complementary  resolution  and 
polarimetric  and  revisit  capabilities  of  an  airborne  system. 
Performance  in  many  of  these  areas  has  already  been  proven 
by  PHARUS'  predecessor  and  testbed  “PHARS”  (next 
section).  In  addition,  the  (M)MIC  active  phased  array  concept 
and  the  high  maximum  operating  altitude  of  14  km  enable 
PHARUS  to  be  deployed  as  an  ASAR  demonstrator. 

The  flexibility  of  the  PHARUS  concept  is  not  only  found 
in  its  operation,  but  also  in  its  design.  On  the  same  base 
design,  different  actual  systems  can  be  built  combining  more 
or  less  T/R  modules,  resulting  in  systems  with  a  range  of 
performances  and  corresponding  costs.  Together  with  the 
ground  segment  and  the  transfer  of  knowledge  concerning 
construction,  maintenance  and  operation  of  the  system,  the 
PHARUS  concept  can  provide  an  autonomous  airborne  SAR 
capability  for  its  user. 

HISTORY  AND  STATUS 

The  PHARUS  project  is  a  cooperation  between  the  TNO 
Physics  and  Electronics  Laboratory  (TNO-FEL),  the 
National  Aerospace  Laboratory  (NLR)  and  the  Delft 
University  of  Technology  (TUD).  It  is  sponsored  by  the 
Netherlands'  Remote  Sensing  Board  (BCRS)  and  the  Ministry 
of  Defense,  and  program  management  is  carried  out  by  the 
Netherlands'  Agency  for  Aerospace  Programs  (NIVR). 

The  start  of  the  program  can  be  traced  back  to  1987,  after 
work  in  the  Netherlands  with  airborne  SLAR  and 
scatterometers.  An  important  milestone  was  reached  in  late 
1990,  when  the  testbed  PHARS  produced  its  first  airborne 
images  [1].  In  PHARS,  the  new  technology  was  tried  out  and 
experience  for  the  full  system  was  gained.  PHARS  has  a 
somewhat  lower  resolution  (5  m)  and  only  one  polarization 
channel  (VV);  otherwise  it  shares  many  traits  with  PHARUS. 
The  PHARS  system  has  been  used  for  many  applications  and 
is  still  available  today.  Development  of  the  actual  PHARUS 
system  was  begun  in  1991,  and  has  culminated  in  its  first,  and 
successful,  flight  in  September  1995. 

The  first  test  flights  have  so  far  demonstrated  achievement 
for  a  number  of  the  design  criteria.  All  four  polarimetric 
channels  have  been  used,  and  the  multi-look  resolution  goal 
of  4  m  has  been  reached.  One  particular  aspect  that  worked 
according  to  expectation  was  the  limited  pre- summing, 
resulting  in  the  relatively  wide  Doppler  filter  that  is  necessary 
to  accommodate  the  Doppler  spectra  over  the  full  swath.  The 
Doppler  filter  needs  to  be  wide  because  the  Doppler  centroid 
is  a  function  of  range,  due  to  the  fact  that  the  electronic  beam 
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steering  takes  place  in  other  planes  than  the  aircraft  motions 
(the  antenna  being  mounted  with  its  normal  at  57.5° 
incidence  angle).  One  unexpected  result  of  the  tests  pointed  to 
a  relatively  high  sidelobe  level  when  using  the  combination 
of  large  microwave  bandwidth  and  highly  skewed  beam 
pointing,  a  matter  currently  being  investigated. 

FUTURE 

The  near  future  will  bring  an  extensive  test  and 
familiarization  program,  in  which  PHARUS  will  be  tried  at 
numerous  applications,  ranging  from  crop  classification  to  sea 
bottom  topography  imaging.  For  the  somewhat  longer  term, 
extensions  are  foreseen  toward  interferometric  capability  for 
DEM-generation,  surface  current  mapping  and  moving  target 
indication.  Also,  future  activities  will  be  aimed  at  design  and 
(cooperative)  construction  of  dedicated  systems  for  specific 
users  based  on  the  PHARUS  concept,  including  technology 
transfer. 


Figure  1.  Scene  from  the  first  test  flight,  containing 
agricultural  fields,  forest  patches,  a  river,  roads  and  built-up 
areas.  Resolution  is  4  m  at  3  looks,  scene  size  2.4  km,  taken 
from  5  km  altitude  at  around  45°  incidence  angle.  One  co~ 
and  one  cross-pol  image  have  been  added,  after  bringing  to 
the  same  average  value. 
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Figure  2.  Same  scene  as  Fig.  1,  now  displaying  the  absolute 
difference  between  co-  and  cross-pol.  It  can  be  seen  that,  with 
the  average  cross-pol  backscatter  level  scaled  to  the  average 
co-pol  level,  mostly  the  built-up  structures  in  the  image 
become  highlighted.  Also  a  few  of  the  fields  have  a  slightly 
deviating  co/cross-pol  signature. 
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Abstract  -  NASDA  has  been  developing  a  full  polarimetric 
L  band  airborne  Synthetic  Aperture  Radar  (NASDA  Airborne 
SAR-1:  NASAR-1)  since  the  beginning  of  1995,  in  order  to 
establish  the  complementary  system  to  calibrate  the 
spacebome  S AR  and  to  understand  the  backscattering 
characteristics  of  the  targets  in  this  frequency.  NASAR-1 
onboard  Gulfstream  II  provides  the  high  resolution  images  of 
3  m  X  3  m  for  20  km  of  imaging  swath.  NASAR-1  will  be 
completed  by  the  end  of  August  1996,  and  the  various 
experiments  will  be  conducted  for  CALA^AL  and  science 
purposes.  This  paper  describes  the  performance  and  the 
development  status  of  the  NASAR-1 . 

INTRODUCTION 

The  needs  for  the  radar  remote  sensing  using  the  Synthetic 
Aperture  Radar  (SAR)  is  increasing  since  the  operational 
spacebome  SARs  have  been  in  service  from  the  beginning  of 
1990.  JERS-1,  ERS-1/2,  and  newly  settled  Radarsat  are  those 
satellites  for  the  earth  remote  sensing  utilizing  several  SARs. 
JERS-1  SAR  was  developed  by  NASDA  and  Ministry  of 
International  Trade  and  Industry (MITI).  It  was  launched  on 
Feb.  1 1  1992  and  has  been  in  operation  in  L  band  HH 
polarization.  As  the  results  of  the  four  years  operation  and 
data  analysis,  it  is  shown  that  L  band  SAR  is  suitable  for  the 
monitoring  of  forest  change,  sea  ice  discrimination, 
topography,  surface  deformation,  etc.,  especially  for 
interferometry  because  of  less  scene  decorrelation  and  longer 
baseline  criterion.  Although  JERS-1  may  be  in  service  for  six 
years  more  from  the  point  of  remained  fuel,  the  need  for  the 
follow-on  SAR  is  raised  to  be  improved  the  image  quality, 
such  as  SNR,  orbit  determination  error,  orbit  recurrence,  etc. 
Then  the  new  satellite  "Advanced  Land  Observation 
Satellite(ALOS)"  was  planned  which  will  carry  SAR  with  the 
same  fequency  with  JERS- 1 ,  in  order  to  preserve  the  data 
continuity  of  the  L-band  SAR.  As  the  preparation  for  the 
calibration  and  validation  of  ALOS  data,  development  of  the 
airborne  SAR  was  decided  in  1994.  Since  then,  the  basic 
designing  of  NASAR-1  was  started,  and  the  manufacturing  is 
underway.  This  paper  introduces  the  characteristics  and  the 
features  of  the  NAS  AR- 1 . 
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SYSTEM  CONFIGURATION 
System  performance 

The  representative  system  performances  are  as  follows; 

-High  resolution  SAR  imaging  capability  of  3  m  x  3  m 
geometric  resolution  and  radiometric  accuracy  of  less  than  0.1 
dB  (expected). 

-Full  polarimetric  observation. 

-Repeat  pass  interferometry 

-Digital  chirp  generation  technique  to  allow  the  various 
transmission  pulses. 

-24  hours'  all  weather  observation  capability  with  the  shortest 
installation  time. 

-synchronous  operation  with  X  band  SAR,  which  is  under 
development  by  Communication  Research  Laboratory  (CRL). 

Description  of  the  each  subsystem 

NAS  AR- 1  consists  of  five  subsystems  to  be  assembled  on  the 
aircraft.  (  see  Figure  1  for  the  simplified  block  diagram  and 
Table  1  for  the  spcification  ) 

1)  Antenna  subsystem  (ANT) 

ANT  is  composed  of  two  planner  array  antennas  for  H  and  V 
polarizations,  made  of  carbon  fiber  of  honeycomb  structure. 
Among  two  operation  modes,  mode  1  offers  the  wider 
imaging  swath  in  either  of  H  and  V  polarization  signal.  Mode 
2  offers  the  full  polarized  signals  HH,  HV,  VH,  and  VV. 
Antenna  pattern  is  of  two  dimensional  pencil  beam  type. 
Antenna  subsystem  is  contained  within  the  radome  made  of 
the  carbon  honeycomb  structure. 

2)  Trans  receiver  subsystem(TRX) 

TRX  is  composed  of  original  signal  generator,  chirp  signal 
generator,  high  power  amplifier,  transmitter,  and  the  receiver. 
Pulse  modulated  chirp  signal  is  generated  by  the  digital  chirp 
generator.  AGC  (Automatic  Gain  Control)  and  MGC  (Manual 
Gain  Control)  are  selective,  sensitivity  time  control  (STC) 
can  be  used  on  request  in  order  to  well  sit  the  received  signal 
within  the  dynamic  range  of  the  receiver  and  the  signal 
processor.  Although  NASAR-1  has  its  own  original  signal 
generator,  the  original  signal  of  X-S AR  can  be  ingested.  The 
synchronous  L  and  X  band  SAR  operation  is  available  and  the 
co-registered  X-L  SAR  images  can  be  obtained. 
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3)  Signal  processing  subsystem(SIGP) 

Detected  I  and  Q  videos  are  digitized  in  two  8  bit  streams. 
They  are  reformatted  with  SAR  telemetry  data,  aircraft  data, 
INS  data  and  GPS  data,  then  sent  to  high  data  rate  data 
recorder  ( HRDR ). 

4)  Controlling  unit(CNT) 

CNT  is  composed  of  system  controller  and  signal  monitoring 
unit  and  controls  TRX,  SIGNAL,  and  HRDR,  in  order  to 
govern  the  whole  NASAR  system.  It  contains  the  function  to 
save  the  log  information  on  some  certain  frequency  in  order  to 
read  the  ingested  commands  or  the  filed  commands,  and  to 
display  their  contents  to  enable  the  operator  to  verify.  GPS 
information  ( location,  timing  and  velocities  of  the  air  craft ) 
and  INS  information  ( angular  velocity  and  acceleration  in 
roll/pitch/yaw  )  is  read  and  output  to  the  signal  processor. 

5)  High  data  rate  data  recorder(HRDR) 

Observation  data  are  recorded  onto  HRDR.  When  the  data  is 
recorded  with  32  Mbytes/sec,  50  mins  observation  data  will 
be  stored  on  a  tape. 

GULFSTREAM  II 

As  the  carrier  for  the  NASAR- 1  and  the  X-SAR,  Gulfstream 
II  was  selected  from  the  following  point  of  view,  1)  to  enable 
the  stable  flight  at  the  altitude  of  more  than  10,000  m,  where 
the  air  stream  is  relatively  stable  than  the  lower  altitude.  This 
need  is  raised  from  that  the  motion  compensation  unit  is  not 
developed  for  these  SARs,  2)  to  be  able  to  carry  two  SARs 
and  two  operators  within  the  four  hours  experiments,  3)  the 
vibration  of  the  aircraft  should  be  as  small  as  possible,  4)  to 
contain  the  big  enough  power  reservoir  to  enable  two  SARs' 
experiments,  5)  the  operation  fee  should  be  as  cheap  as 
possible.  Diamond  Air  Service(DAS)  is  the  commercial 
company  to  conduct  the  airplane  SAR  experiments.  The 
outside  view  is  shown  in  Fig.  2.  G-II  is  the  dual  jet  aircraft 
sized  with  24  .3  meter  long  and  21  meter  width  and  7.5  m 
height.  It  can  fly  with  the  maximum  speed  of  900  Km/hour 
and  upto  13,100  meter  altitude.  The  maximum  take  off 
weight  is  28.182  kg  and  maximum  carry  weight  is  2.480  kg. 

OPERATION 

Calibration 

Calibration  of  NASAR- 1  will  be  conducted  as  the  first 
priority  task  after  the  completion  of  the  NASAR- 1  at  the  end 
of  Aug  1996.  Two  Active  Radar  Calibrators  (ARC)  will  be 
used  for  the  inflight  calibration  of  NASAR- 1  as  deployed  at 
NASDA's  test  sites,  Hatoyama  and  Niigata,  which  exist  as 
the  calibration  sites  for  JERS-1  SAR.  The  history  of  the 
incoming  pulse  intensity  received  by  ARC  may  estimate  the 


azimuth  antenna  pattern  at  one  off  nadir  angle.  Repeat 
measurements  with  the  different  incidence  angle  will  provide 
the  whole  the  elevation  and  azimuth  antenna  pattern.  Noise 
equivalent  sigma  zero  will  be  estimated  from  the  noise 
measurement  data  and  natural  data  which  are  supposed  to  out 
of  radar  signal  (Layover).  Image  quality  of  the  standard  product 
will  be  evaluated  in  terms  of  signal  to  noise  ratio,  peak  to 
sidelobe  ratio,  integrate  sidelobe  ratio,  signal  to  ambiguity 
ratio,  etc.  Calibration  flight  are  planned  in  this  fall. 

Data  take 

Each  flight  pass  normally  acquires  the  100  minutes  data. 
Depending  on  the  flight  speed,  the  image  length  varies  from 
600  km  to  1300  km.  The  standard  processor  defines  the  image 
size  as  13.7  km  *  13.7  km.  Due  to  too  much  data  volume  for 
each  image,  it  is  estimated  that  the  an  image  data  processing 
may  take  80  minutes.  The  data  processor  is  under 
development  for  those  work  stations  of  SGI  and  SUN, 
expecting  the  completion  by  the  end  of  August  1996.  Raw 
data,  single  look  complex,  detected  image,  polarimetric 
images  will  be  generated  by  this  processor. 

Data  take  plan 

Each  flight  takes  normally  four  hours  including  the  ferry  time 
to  the  test  site.  As  the  activity  of  '96,  four  to  six  passes  are 
planned.  Currently,  it  is  planned  that  those  flights  focus  on 
the  agriculture,  calibration,  interferometry,  ocean  spectrum 
monitoring,  forest  monitoring,  ice  sheet  monitoring,  disaster 
monitoring,  etc. 

CONCLUSION 

This  paper  introduces  the  development  status  of  the  NASDA 
Airborne  synthetic  aperture  radar  system  (NASAR- 1),  which 
will  be  completed  in  the  summer  1996.  NASAR- 1  is  expected 
as  the  reference  data  source  for  the  L  band  SAR  science,  and 
also  to  offer  some  basement  for  the  coming  spacebome  SAR 
remote  sensing  technology. 
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Table  1  NASAR-1  Specification 


nn 

1.27149  GHz 

15 

total  weight 

450  Kg. 

2 

ESLlfl  A 1 ! 

16 

Antenna 

gain 

beam  width 

sidelobe 

cross  pol. 
dimension 

>=  18  dB 

38  +-  4  degree  in  elevation 

9.8  +-  1.0  degree  in  azimuth 

<  -  20  dB  in  elevation 

<  -  25  dB  in  azimuth 

<  -  25  dB 

1.7  m  X  0.6  m 

3 

Polarization 

modelHH  orVV 
mode  2  HH.  HV.  VH.  VV 

Phase  accuracy 

<=  5  deg  tafter  correction) 

5 

Off  nadir  angle 

40  deg 

6 

Imaging  swath 

>=  16  Km  at  12000  of  cruising 
altitude 

1 

Resolution 

Range  direction 

Azimuth  direction 

3,  5,  10,  20  m(  at  60  deg  of 
incidence  angle) 

3  m  at  three  looks  processing 

17 

Transmission 
transmission  pulse 
duration 

chirp  band  width 

peak  power 
noise  figure 

10  micro  sec  +-  0.1  micro  sec. 
50MHz/45MHz/22.5MHz/l  1.3 
MHz 

3kW 
<  1.5  dB 

8 

Noise  equivalent 
sigma  zero 

-30  dB  at  SNR=  lOdB 

S/A 

>=  30  dB  at  off  nadir  of  20  -  60 

deg. 

m 

calibration  accuracy 

0.6  dB 

18 

Signal  processor 
sampling  frequency 

61.7  MHz/30.9  MHz 

m 

Dulse  duration 

10  micro  sectnominal) 

m 

PRF 

variable  and  <=  1  KHz 

19 

data  recorder 
media 
data  rate 
data  capacity 

D-1  cassette(L  size) 
max.  32  Mbytes/sec. 

96  Gbvte 

13 

Data 

ADC  bit  number 
data  rate 

8bit  / 1  and  Q  channel 

256  MbDs 

14 

^  5  KW 

Antenna  Subsystem  Swiching  Unit 


Trance  Receiver  Subsystem 


Fig.2  Outside  View  of  Gulfstream  II 
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Abstract 

In  this  paper,  we  describe  the  "NEC-SAR"  system  outline, 
and  data  processing,  and  the  summary  of  evaluation  of 
interferometric  images. 


To  realize  interferometric  SAR,  the  antenna  1  is  used  for 
both  transmission  and  reception.  The  antenna  2  is  used  for 
only  reception.  Receiving  data  to  receiver  are  switched  from 
the  antenna  1  and  the  antenna  2  alternatively  by  every  PRF. 

Main  characteristics  of  this  system  are  shown  in  Table  1. 


Introduction 


Table  1  System  characteristics 


NEC  airborne  SAR  (NEC-SAR)  system  installed  in  a 
Cessna  208  has  been  evaluated  since  1992,  and  have 
obtained  many  useful  results  [1].  This  system  was  a 
conventional  SAR  system  and  used  for  earth  resources 
detection  and  2-D  mapping. 

Recently,  we  have  experienced  many  big  disasters, 
earthquakes,  volcano  eruptions.  So,  interferometric  SAR 
[2], [3]  are  noticed  as  the  promising  techniques  for 
geophysics. 

So,  we  improved  the  system  to  extract  the  displacement 
field  of  earthquake  and  to  generate  DEM  in  high-speed. 
Then,  this  new  system  has  been  evaluated. 


System  outline 

In  NEC-SAR  system,  all  units  except  the  image  processor 
are  installed  in  a  Cessna  208.  This  system  has  two  antennas 
for  interferometric  SAR,  that  are  separated  in  cross  truck 
direction,  and  are  installed  inside  the  fiiselage  toward 
outside  at  a  removed  door.  Fig.  1  shows  a  Cessna  208  with 
NEC-SAR  installed. 

Fig.  2  shows  the  system  block  diagram.  This  system  is 
composed  of  a  transmitter,  a  receiver,  a  signal  processor,  a 
system  controller,  a  digital  data  recorder. 

Onboard  navigation  systems  in  the  Cessna  208  are  VOR, 
ADF,  and  DME.  Their  is  not  inertial  navigation  system 
(INS).  Altitude  data,  ground  speed  data,  and  drift  angle  data 
are  very  important  for  SAR  image  processing.  The  airplane 
installs  no  instrument  which  can  output  those  to  SAR 
system.  A  GPS  and  an  1-axis  gyro  compass  are  installed  in 
this  system  and  they  are  independent  of  navigation 
instruments.  Their  data  is  recorded  to  digital  data  recorder 
with  SAR  raw  data. 
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Altitude: 

Frequency: 

Resolution: 

Polarization: 

PRF: 

Data  rate: 


3000  m  (nominal) 

9.53  GHz  (X-Band) 

5  m 

Linear  polarization  (H-H) 
1200  MHz  (nominal) 

32  Mbps 


SAR  data  processing 

SAR  data  processing  for  this  system  is  based  on  the 
range-doppler  algorithm  [4].  All  parameters  for  SAR 
processing  are  derived  from  GPS  data  and  1-axis  gyro 
compass  data.  This  outline  are  as  follows: 

(1)  The  doppler  power  spectrum  is  calculated  using  raw 
data.  The  highest  power  point  will  be  considered  as 
the  doppler  center  frequency  (Fd). 

(2)  The  Fd  derived  from  (1)  includes  ambiguities  of 
PRF.  To  determine  true  Fd,  a  wind  direction,  a  drift 
angle  is  calculated  using  GPS  data. 

(3)  To  improve  this  image  quality,  the  auto  focus  is 
used  to  make  adjustment.  This  method  is  using  pixel 
shifts  among  look  images,  that  is  caused  by  mistaken 
doppler  rate. 

In  processing  SAR  image  for  interferometry,  one  of 
important  things  is  to  compensate  for  the  changes  of 
distance  from  both  antennas  to  a  ground  target.  That  is 
mainly  caused  by  airplane  roll  motion,  and  they  introduce 
phase  changes  on  interferometric  SAR  images,  and  they 
influence  height  error  in  the  altitude  map.  An  example  of 
airplane  roll  motion  data  detected  by  onboard  1-axis  gyro 
compass  is  shown  in  Fig.  3.  To  remove  phase  changes 
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caused  by  this  roll  motion,  new  phase  compensation 
algorithm  to  range  compressed  data  is  developed. 

The  series  of  these  processing  algorithm  has  been 
developed  on  engineering  work  station  "EWS4800",  and 
processed  on  this  work  station.  The  SAR  data  processing, 
the  interferometric  phase  processing,  and  the  phase 
unwrapping  have  been  done  this  work  station  also. 

Results  of  this  processing  are  shown  in  Fig.  4,  5.  For 
processing  data,  we  used  Mt.  Sakinajima  data,  that  is  an 
active  volcano  in  Kagoshima  prefecture,  Japan,  in  July 
1993,  and  the  top  of  the  mountain  is  1117  m  above  sea 
level. 

Fig.  4  shows  a  SAR  power  image  of  processing  area  that 
is  synthesized  6  look  images.  This  scene  size  is  4.5km  (Az) 
X  4.5km  (Rng)  approximately.  The  flight  direction  is  right 
to  left  on  the  image.  Two  craters  of  this  mountain  are 
bottom  in  the  image. 

Fig.  5  shows  a  contour  map  derived  from  interferometric 
SAR  data.  This  contour  interval  is  10  m.  The  geometric 
correction  is  processed  for  this  map. 

Evaluation 

The  evaluation  of  the  height  error  by  interferometric  SAR 
is  carried  out  by  comparing  to  1/50,000  altitude  map.  Table 
2  shows  the  evaluation  results.  The  height  error  from  this 
table  is  6.5  m  rms.  approximately.  In  the  best  case,  height 
error  is  2-3  m  rms.  This  difference  must  be  examined 
carefully. 


Table  2  Evaluation  of  height  error 


No. 

height  of 
altitude  mapfml 

height  error  [m] 

1 

0.  0 

-0.  4 

2 

0.  0 

-4.  9 

3 

85.0 

+  6.  3 

4 

3  7  3.0 

-7.2 

5 

5  6  3.  1 

+  8.  7 

6 

1060.  0 

-5.5 

7 

1109.  8 

+  5.5 

developed,  and  will  be  delivered  in  this  summer. 
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Conclusion 

We  improved  a  NEC-SAR  system  of  conventional  SAR 
and  achieved  to  interferometric  SAR  image.  At  the  result  of 
the  estimation  of  the  altitude  map  made  by  interferometric 
SAR  image,  height  error  is  6.5  m  rms.  approximately,  and 
in  the  bast  case,  height  error  is  2-3  m  rms. 

Commercial  products  based  on  this  system  have  been 
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Siegfried  A.W.  Gerstl 

Los  Alamos  National  Laboratory,  NIS/RS,  MS-C323, 

Los  Alamos,  New  Mexico  87545,  USA 
Phone:  (505)667-0952,  Fax:  (505)667-3815,  e-mail:  sig@lanl.gov 


ABSTRACT 

The  nature  and  value  of  angular  signatures  in  remote 
sensing  are  reviewed  with  emphasis  on  the  canopy  hot-spot 
as  a  directionally  localized  angular  signature  and  an 
important  special  case  of  a  BRDF.  A  new  concept  is 
presented  that  allows  hot  spot  measurements  from  space  by 
using  active  (laser)  illumination  and  bistatic  detection.  The 
detectors  are  proposed  as  imaging  array  sensors  that  are 
circulating  the  illumination  source  (or  vice  versa)  and  are 
connected  with  it  through  tethers  in  space  which  also  provide 
the  directional  con.iols  needed  so  that  the  entire  system 
becomes  pointable  like  a  search  light.  Near  infrared  or  IR 
operation  in  an  atmospheric  transmission  window  is 
envisioned  with  night-time  data  acquisition.  Detailed 
feasibility  and  systems  analyses  have  yet  to  be  performed. 

INTRODUCTION 

Every  remote  sensing  instrument  measures  radiation 
that  is  expected  to  be  related  to  a  physical  feature  of  the 
remotely  sensed  object;  the  data  is  then  called  a  signature. 
Typically,  when  a  surface  scene  is  the  object  of  the  remote 
measurement,  the  measured  radiance  is  the  result  of  reflected 
or  emitted  radiation  which  may  vary  with  the  wavelength  of 
the  radiation  and  is  then  called  a  spectral  signature. 
Similarly,  spatial,  temporal,  angular  and  polarization 
reflectance  signatures  can  be  identified  [1],  as  shown  in  Fig. 
1. 

An  angular  signature  requires  observations  from 
different  view  directions.  Airborne  and  satellite  remote 
sensing  systems  that  operate  only  at  nadir,  for  example,  are 
incapable  of  recording  angular  signatures.  Some 
developmental  instruments,  such  as  AS  AS  and  PARABOLA, 
and  future  EOS  detectors,  such  as  MISR,  do  measure  angular 
signatures  requiring  that  models  are  developed  that  relate  the 
measured  data  to  the  physical  surface  feature  [2]. 

ANGULAR  SIGNATURES 

All  structured  (three-dimensional)  surfaces,  such  as 
vegetated  surfaces  or  sloped  terrain  with  varying  elevations 
within  a  scene,  exhibit  angular  signature  effects.  A 
Bidirectional  Reflectance  Distribution  Function  (BRDF)  may 
be  considered  the  most  general  form  of  an  angular  signature. 
BRDFs  of  vegetated  surfaces,  whose  architecture  always  is 
three-dimensional  in  nature  and  where  the  reflected  radiation 
is  therefore  dominated  by  internal  shadowing  effects,  usually 
show  large  variabilities  in  their  values  across  the 
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"SIGNATURES**  IN  REMOTE  SENSING 
MEASURED  RADIANCE  R  -  R  (X.  x.y  .  6.^ .  t ,  P ) 

1 

1 )  Spectral  Signatures.  ( X ) 
e.g.  Absorption  and 
Emission  Lines 


2)  Spatial  Signatures  ( x.y ) 
e.g.  Surface  Patterns 


3)  Angular  Signatures  ( • 
e.g.  BRDF  or  Hot  Spot 


4)  Temporal  Signatures  ( t ) 
e.g.  Vegetation  Growth 
Profiles 


5)  Polarization  Signatures  ( p )  - - ' 

e.g.  Cross  Polarized 
Radar  Echoes 

Figure  1 :  Five  characteristic  reflectance  signatures  in  remote 
sensing. 

hemisphere.  A  typical  example  is  reproduced  from  BRDF 
measurements  taken  by  Kriebel  [3]  from  an  aerial  platform 
over  grasslands,  which  are  probably  the  earliest  fairly 
complete  angular  signature  data  taken  of  that  kind.  The  data 
for  3  different  BRDF  slices  through  the  principal  plane  under 
3  different  solar  illumination  conditions,  are  shown  in  Figure 
2  as  an  illustration. 

THE  CANOPY  HOT  SPOT 

A  prominent  component  of  every  BRDF  of  a 
structured  surface  is  its  internal  shadowing  that  depends  on 
illumination  and  observation  directions,  and  on  the  internal 
structure  (architecture)  of  the  3D  surface.  The  structural 
information  about  a  vegetation  canopy,  e.g.,  is  not  expressed 
in  either  the  spatial  or  spectral  signatures  of  the  canopy,  but 
solely  in  its  angular  signature.  It  has  been  shown  that  leaf  size 
and  canopy  height  can  be  retrieved  from  a  special/local 
angular  signature,  the  canopy  hot  spot,  in  particular  from  its 
angular  width  [4].  Figure  3  shows  2  examples  of  hot  spot 
photographs  taken  from  an  airplane  with  standard 
panchromatic  film  in  the  visible.  Additional  such  data  are 
shown  in  [4]. 
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Figure  2:  BRDF  slices  as  angular  signatures  for  pasture  at 
520  nm  in  the  principal  plane  for  3  different  solar 
illumination  anffles  of  1 0  40.  and  60  degrees  . 


Fig.  3:  The  Canopy  Hotspot  photographed  from  about  300m 
altitude,  over  grass  land  (top  photo)  and  coniferous  forest 
(bottom). 


Hot  spot  angular  distribution  measurements  have  been 
reported  from  aircraft  data  [4]  and  [5],  but  not  from  satellites. 
In  fact,  most  scanning  satellite  detectors  are  excluding  the  hot 
spot  direction  from  their  field  of  view. 

A  SPACE-BORNE  HOT  SPOT  MEASUREMENT 
CONCEPT 

Taking  hot  spot  data  from  an  aerial  platform  with  an 
imaging  camera  is  fairly  simple  as  is  demonstrated  by  the 
photographic  images.  Recently,  large  goniometers  have  been 
used  at  the  Joint  European  Research  Center  in  Ispra,  Italy, 
and  at  the  Changchun  Institute  of  Optics  and  Fine  Mechanics 
in  China,  to  perform  laboratory  measurements  of  complete 
BRDF's  of  small  patches  of  vegetation  targets.  In  every  case 
the  almost  unlimited  pointing  capabilities  of  these 
instruments  and  platforms  have  been  exploited,  which  is  not  a 
given  for  today’s  space-based  sensors.  Two  fundamentally 
possible  conical  scanning  techniques  that  allow  hot  spot 
angular  signature  measurements  have  been  described  in  [2] 
and  [6]  and  are  graphically  summarized  in  Fig.  4.  Replacing 
the  solar  illumination  with  an  active  and  pointable 
illumination  source  allows  us  to  present  a  new  concept 
enabeling  space-borne  measurements  of  hot  spot  angular 
signatures. 


Fig.4:  Two  possible  conical  scan  patterns  that  allow  hot  spot 
angular  signature  measurements. 

Our  new  concept  for  canopy  hot  spot  measurements 
from  space  envisions  active  illumination  and  bistatic 
detection  that  would  allow  hot  spot  angular  distribution 
measurements  from  space  in  a  search  light  mode.  The 
concept  includes  a  pointable  illumination  source,  such  as  a 
laser,  coupled  with  a  number  of  high  spatial-resolution 
detectors  that  are  tethered  to  the  source  and  are  rotating 
around  the  illumination  source  receiving  photons  nearly 
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coaxial  with  the  retroreflection  direction,  see  Fig.  5.  This 
measurement  concept  is  an  extension  to  the  conical  scan 
pattern  described  in  [6]  and  depicted  on  the  right  side  of  Fig. 
4;  it  will  allow  measurements  of  the  intensity  wings  of  the  hot 
spot  angular  distribution,  especially  its  angular  width. 

Tethered  satellite  systems  have  been  tested  in  recent 
space  shuttle  missions  [7],  demonstrating  the  technical 
viability  of  up  to  20  km  long  tethers  operating  in  space.  A 
circular  path  of  the  illuminating  laser  circulating  around  the 
sensor  (or  vice  versa)  at  a  radius  of  20  km  at  a  nominal 
satellite  altitude  of  about  500  km  above  the  earth  will  allow 
the  hot  spot  angular  distribution  to  be  investigated  out  to 
about  5  degrees  full  angle,  which  is  sufficient  to  characterize 
most  agriculturally  important  vegetation  by  its  hot  spot 
angular  signature. 

The  illumination  wavelength  has  to  be  selected  so  as 
to  minimize  atmospheric  interference,  i.e.  within  the 
atmospheric  transmission  windows  in  the  near  infrared,  or  the 
8  to  14  micrometer  IR  region.  Such  selection  will  make 
night-time  observations  possible,  which  will  increase  the 
signal- to-noise  ratio  due  to  reduced  or  nearly  eliminated  solar 
background  radiation.  Since  the  tethers  can  be  made  of 
conducting  material,  they  can  be  used  to  carry  control  signals 
between  the  illumination  and  sensor  components  to  direct  the 
laser  beam  and  the  look  angle  so  that  they  cover  the  same 
area  on  the  ground.  Orienting  the  direction  of  both 
components  simultaneously  would  allow  the  entire  system  to 
function  like  a  search  light,  providing  it  with  almost 
unlimited  pointing  capabilities.  Engineering  systems  analyses 
and  feasibility  studies  have  yet  to  be  performed. 

CONCLUSIONS 

Angular  signature  measurements  can  provide 
information  about  vegetation  surfaces,  e.g.  about  their  canopy 
architecture,  which  is  not  otherwise  accessible  by  today’s 
remote  sensing  methods.  A  new  concept  is  presented  that 
may  allow  angular  signature  measurements  from  a  space- 
borne  platform  involving  active  laser  illumination,  bi-static 
observation,  and  would  operate  at  night.  Potentially  most 
useful  applications  of  the  concept  are  to  measure  canopy  hot 
spot  parameters  from  space.  Hot-spot  angular  signatures  are 
expected  to  be  quantified  and  parameterized  in  sufficient 
detail  to  extract  relevant  information  content  on  plant 
architectures. 


The  HOT-SPOT  SEARCH  LIGHT 
SATELLITE  CONCEPT 


Fig.  5:  The  Hot-Spot  Search-Light  Concept  for  Angular 

Signature  Measurements  from  Space. 
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Abstract-The  feasibility  of  estimating  leaf  size  from  canopy 
reflectance  in  the  hotspot  region  is  investigated  for  both  ho¬ 
mogeneous  (leaf)  and  heterogeneous  (rowed  crops  and  trees) 
canopies.  We  specify  optimal  sun-view  geometry,  wavelength 
and  index  which  can  minimize  the  impacts  of  other  structural 
parameters  (e.g.,  LAI,  leaf  angle  distribution  (LAD)  and  inter¬ 
plant  spacing)  for  most  accurate  estimation. 

INTRODUCTION 

Leaf  size  has  the  potential  to  discriminate  vegetation  types. 
The  canopy  reflectance  in  the  hotspot  region  is  known  to  de¬ 
pend  on  the  leaf  (scatterer’s)  size  and  hence  in  principle  this 
size  can  be  estimated  from  hotspot  canopy  reflectance.  How¬ 
ever,  optical  and  other  structural  parameters  also  contribute  to 
the  canopy  hotspot,  which  will  induce  uncertainties  into  the 
estimation.  We  investigate  the  relationship  between  canopy  hot¬ 
spot  and  canopy  parameters  through  calculation  of  radiation  re¬ 
gime  in  computer  generated  vegetation  canopies.  This  relation¬ 
ship  is  used  to  assess  the  feasibility  of  estimating  leaf  size  from 
hotspot  reflectance  and  the  optimal  conditions  for  most  accurate 
estimation. 

CANOPIES  GENERATED  AND  APPROACH 

Three  kinds  of  vegetation  canopies  are  generated/used: 

(1)  Leaf  canopies  consisting  of  randomly  dispersed  rect¬ 
angular  scatterers  (leaves)  [1].  Three  LAIs-0.5,  2.0  and  5.0- 
representative  of  three  densities  of  the  canopy,  are  considered. 
For  each  LAI,  canopies  with  seven  LADs  (horizontal,  plano- 
phile,  two  plagophiles  (mean  leaf  angle  of  30°  and  60°),  spheri¬ 
cal,  erectophile  and  vertical)  are  used.  For  a  given  set  of  LAI 
and  LAD,  canopies  with  four  leaf  sizes  are  generated. 

(2)  Row-planted  heterogeneous  crop  canopies,  with  each 
plant  consisting  of  long,  thin  leaves  attached  on  a  vertical  stalk, 
like  a  com  or  a  wheat  plant,  with  three  typical  LAIs  (0.5,  2.0 
and  5.0).  Canopies  for  each  LAI  have  three  row  spacings 
(SPCs):  small  (0.5/?,  h  is  the  canopy  height);  medium  (1.0/?) 
and  large  (1.5/z),  and  in-row  spacing  is  equal  to  0.25 -SPC.  The 
leaf  and  soil  properties  are  the  same  as  for  the  random 
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canopies.  Stem  reflectances  in  red  and  near- infrared  (NIR)  re¬ 
gions  are  taken  as  0.1  and  0.5,  respectively  and  the  transmitt- 
ances  are  set  to  zero.  When  canopy  LAI  increases,  the  plants 
grow  in  a  natural  way-the  length,  width  and  number  of  leaves 
increase;  the  mean  canopy  height  increases  from  50cm  to 
220cm  and  the  mean  leaf  inclination  angle  changes  from  about 
65°  to  40°.  For  a  given  LAI  when  SPC  increases,  both  the 
canopy  height  and  number  of  leaves  increase. 

(3)  Architecturally  realistic  aspen-like  tree  canopies,  with  low 
(0.6)  and  high  (5.5)  LAIs  (the  corresponding  canopy  (tree) 
height  {h)  is  about  7.0m  and  11.5m).  For  each  LAI,  canopies 
with  a  spherical  LAD  but  three  different  spacings  between  trees 
(as  for  crop  canopies)  or  canopies  with  a  medium  SPC  but 
three  LADs  (planophile,  spherical  and  erectophile)  are  gene¬ 
rated.  For  a  canopy  for  a  given  LAI,  LAD/SPC  three  typical 
leaf  sizes,  equal  to  0.029/z,  0.064/?  and  0.1 12/?  on  average,  res¬ 
pectively  are  used.  The  optical  properties  of  tree  canopy  com¬ 
ponents  and  the  underlying  soil  are  given  in  Table  1  in  [2], 

To  calculate  canopy  reflectance,  we  use  a  model  Diana  [3], 
a  computer  graphics-radiosity  based  model  for  calculating  radi¬ 
ation  regime  in  a  canopy.  For  a  given  view  direction,  we  use 
four  spectral  indices:  reflectance  (R)  and  normalized  reflectance 
(RN),  normalized  by  hotspot  reflectance,  in  both  red  and  NIR 
regions.  To  understand  the  effects  of  various  canopy  parameters 
on  the  relationship  between  hotspot  reflectance  and  leaf  size, 
a  signal-to-noise  (STN)  method  [2,  4]  is  employed.  The  "sig¬ 
nal"  is  referred  to  as  the  value  of  one  of  the  indices  mentioned 
above.  The  "noise"  factors  here  are  LAI,  LAD  and  SPC,  which 
affect  the  relationship  between  leaf  size  and  "signal"  intensity. 
The  view  directions  with  highest  STN  are  the  optimal  sampling 
domain  (OSD)  for  leaf  size  estimation. 

RESULTS  AND  ANALYSIS 

Three  view  planes-PP,  the  principal  plane;  PC,  the  principal 
cone  and  CP,  the  plane  perpendicular  (cross)  to  PP  and  two 
solar  zenith  angles  (SZAs)“low  (10°)  and  high  (60°),  are  con¬ 
sidered.  In  each  view  plane,  the  view  zenith/azimuth  angles  are 
varied  around  the  hotspot  direction  by  ±0.2°  (in  the  PP)  or 
±0.5°  (in  the  PC)  interval  if  the  view  angle  is  within  ±20°  off 
the  hotspot  direction  or  by  ±2°  (in  the  PP)  or  ±5°  (in  the  PC) 
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elsewhere.  In  most  cases,  RN  is  the  best  index  for  leaf  size  esti¬ 
mation.  There  seems  to  exist  an  exponential  relationship  bet¬ 
ween  RN  and  the  relative  leaf  size  4  is  characteristic 

leaf  dimension): 

/4=exp[-(a-RN)/Z?]  (1) 

where  coefficient  a  fluctuates  around  1.0  and  b  varies  from 
0.01  to  0.15,  depending  on  vegetation  type.  The  OSD,  best  in¬ 
dex  and  wavelength  for  every  case,  and  results  of  fitting  (1) 
(using  the  value  of  the  best  index  under  the  optimal  sun-view 
geometry)  are  summarized  in  Table  1 . 

Leaf  Canopies 

Normally  the  major  "noise"  factors  in  a  leaf  canopy  are  LAI 
and  LAD.  If  LAI  is  known,  the  possibility  to  estimate  leaf  size 
is  quite  high  (large  STN  values)  if  RNs  in  the  hotspot  region 
(±4°  in  the  PP  or  ±8^^  in  the  PC)  in  either  red  or  NIR  region 
at  a  high  SZA  (e.g.,  60°)  are  used.  The  smaller  the  LAI,  the 
higher  are  the  values  of  STN.  If  both  LAI  and  LAD  are 
unknown  (Fig.l),  this  possibility  is  reduced.  Only  when  LAI 
is  not  too  high  (say,  no  more  that  3.0),  can  an  acceptable  esti¬ 
mation  be  made  from  RNs  in  the  PP  (within  ±3.0°  off  the  hot¬ 
spot  direction)  at  a  high  SZA. 

Row  Planted  Crop  Canopies 

For  such  a  kind  of  canopy,  we  only  consider  the  general  case 
-neither  LAI  nor  SPC  is  known  (i.e.,  we  combine  all  three 
cases  for  LAI  and  SPC  together)  since  here  leaf  size  is  different 
from  case  to  case.  Because  of  the  strong  influence  of  row  struc¬ 
ture  on  the  hotspot  distribution,  we  select  three  typical  values 
of  RSA  (the  relative  solar  azimuth  to  the  row  direction).  We 
find  that  the  reflectance  (only  for  the  CP)  or  RN  in  NIR  at  a 
high  SZA  are  most  preferable,  but  the  optimal  view  plane  de¬ 
pends  on  RSA.  For  example,  when  RSA==0°,  the  best  view 
plane  is  the  CP  (in  which  the  highest  value  of  STN  is  larger 
than  that  in  the  PC  and  PP);  whereas  when  RSA=45°  or  90°, 
the  optimal  plane  changes  to  the  PC  or  PP.  But  the  result  in 
the  CP  or  PP  is  not  stable  and  strongly  depends  on  RSA.  Since 
only  the  result  in  the  PC  is  relatively  least  sensitive  to  changes 
in  RSA,  PC  is  the  optimal  view  plane  for  leaf  size  estimation 
for  row  planted  crops,  even  if  RSA  is  unknown  either  (Fig.2, 
combining  the  three  cases  for  RSA).  The  effective  azimuth 
range  is  within  ±3.0°  off  the  hotspot  direction  (Table  1). 

Tree  Canopies 

For  such  canopies  if  only  LAD  is  unknown  and  LAI  is  low, 
one  may  have  several  options  to  select,  such  as  view  plane  (PP 
or  PC);  RNs  in  red  or  NIR;  and  even  different  SZAs  (low  or 
high).  But  if  LAI  is  high,  only  RNs  at  a  high  SZA  are  useful. 
If  neither  LAI  nor  LAD  is  known,  the  possibility  of  such  an 


estimation  exists  only  if  RNs  at  a  high  SZA  in  the  PC  is  used 
(Fig.3),  but  the  OSD  is  quite  narrow,  only  about  ±1°  off  the 
hotspot  direction  (Table  1). 

In  the  case  where  only  SPC  is  unknown,  if  LAI  is  low,  the 
two  indices  in  NIR  at  a  low  SZA  are  useful,  and  the  result  in 
the  PC  is  slightly  better  than  others.  The  OSD  is  different  in 
different  view  planes.  For  a  high  LAI,  only  RNs  in  NIR  in  the 
PP  are  useful.  When  LAI  is  also  unknown,  although  values  of 
STN  in  the  PP  within  1°  off  the  hotspot  direction  are  the  high¬ 
est,  they  are  still  below  the  limit  of  significance.  Thus,  it  seems 
highly  unlikely  to  estimate  leaf  size  in  such  a  case  (Fig.4). 

CONCLUSIONS 

In  this  study,  we  investigate  the  feasibility  of  estimating  leaf 
size  from  reflectance  in  the  hotspot  region  and  the  nature  of 
optimal  observations  for  most  accurate  estimation. 

In  most  cases,  the  normalized  reflectance  at  a  high  SZA  is 
the  best  index  for  the  estimation.  A  universal  negative  exponen¬ 
tial  relationship  (1)  between  this  index  and  the  relative  leaf  size 
can  be  established  for  all  applicable  cases  for  the  three  vegeta¬ 
tion  types. 

The  possibility  and  OSD  to  estimate  leaf  size  vary  with 
canopy  type  (increasing  as  it  changes  from  leaf,  crop  to  tree 
canopies)  and  architecture  (decreasing  as  LAI  increases  or 
canopy  becomes  more  spatially  heterogeneous).  For  leaf  cano¬ 
pies,  RNs  in  both  red  and  NIR  and  both  view  planes  (PP  and 
PC)  are  useful;  for  crops,  only  RNs  in  NIR  in  the  PC  can  yield 
a  reliable  estimation;  and  for  a  tree  canopy  with  unknown  LAD 
the  opportunity  is  larger  than  that  with  unknown  spacing. 
Therefore,  if  neither  LAI  nor  spacing  is  known,  one  does  not 
seem  to  have  a  chance  to  estimate  leaf  size  from  canopy  reflec¬ 
tance. 

REFERENCES 

[1]  W.  Qin  an  N.S.  Goel,  "An  evaluation  of  hotspot  models  for 
vegetation  canopies,"  Remote  Sens.  Rev.,  vol.  13,  pp.  121- 
159,  1995. 

[2]  N.S.  Goel  and  W.  Qin,  "Influences  of  canopy  architecture 
on  relationships  between  various  vegetation  indices  and  LAI 
and  FPAR:  a  computer  simulation,"  Remote  Sens.  Rev., 
vol.  10,  pp.  309-347,  1994. 

[3]  N.S.  Goel,  I.  Rozehnal  and  R.L.  Thompson,  "A  computer 
graphics  based  model  for  scattering  from  objects  of  arbitrary 
shapes  in  the  optical  region,"  Remote  Sens.  Environ.,  vol. 
36,  pp.  73-104,  1991. 

[4]  C.  Leprieur,  M.M.  Verstraete,  and  B.  Pinty,  "Evaluation  of 
the  performance  of  various  vegetation  indices  to  retrieve 
vegetation  cover  from  AVHRR  data,"  Remote  Sens.  Rev., 
vol.  10,  pp.  265-284,  1994. 


1646 


Table  1 

Results  of  fitting  (1)  for  the  three  types  of  vegetation  canopies,  r^  is  the 
square  correlation  coefficient  and  is  the  residual  mean  square.  The 
values  in  the  second  column  are  for  LAI  except  for  crops  where  they 
represent  RSA  in  degrees.  "??"  stands  for  unknown.  Subscripts  1  and 
2  respectively,  are  for  red  and  NIR  wavebands. 


veg. 

type 

LAI 

or 

RSA 

optimal 
index  & 
OSD 

a 

b 

r' 

0^ 

xlO-^ 

index  8c 
view  geo. 
for  fitting 

Leaf 

LAD 

?? 

0.5 

RN,  &  RNj 
SZA=60°  PP 
(±4°)  PC 
(±8°) 

1. 16 

0.117 

0.97 

0.76 

RN, 

61°  (PP) 

2.0 

1.08 

0.094 

0.94 

1.08 

RN2 

58.6°(PP) 

5.0 

0.92 

0.084 

0.79 

0.74 

RN, 

56°  (PP) 

<3.0 

1.21 

0.134 

0.91 

3.41 

RN, 

58.5°(PP) 

Crops 

LAI, 

SPC 

& 

LAD 

?? 

0 

RN2 

SZA=60^ 

PC  (±3°) 

1.05 

0.109 

0.88 

2.76 

1.2° 

45 

1. 12 

0.159 

0.94 

2.91 

1.4° 

90 

1.02 

0.074 

0.83 

1.88 

-1.6° 

?? 

1.06 

0.114 

0.79 

5.23 

1.0° 

Trees 

LAD 

?? 

0.6 

RN,  &  RNj 
PC,  PP(±2°) 

1.04 

0.025 

0.96 

0.11 

RNj 

0.2°(PC) 

5.5 

RN,  &  RN2 
SZA=60° 

PC,  PP(±2°) 

1.09 

0.072 

0.94 

1.42 

RN, 

59.4°(PP) 

?? 

RN,(PP)  & 
RNjCPC) 
SZA=60° 
PP,  PC(±1°) 

1.04 

0.025 

0.89 

0.26 

RNj 

0.2°(PC) 

Trees 

SPC 

?? 

0.6 

RN2  or  NIR 
CP(-5°,  5°) 
SZA=10° 
PC,  PP(±2°) 

1.01 

0.011 

0.81 

0.11 

RNj 

-0.8°(PC) 

5.5 

RNj 

PP  (±2°) 

1.04 

0.020 

0.93 

0.13 

60.2° 

?? 

RN2 

SZA=60° 
PP  (+1°) 

1.03 

0.020 

0.64 

0.81 

59.8° 

Fig.  1  The  results  of  fitting  (1)  for  leaf  canopies. 
"HS"  stands  for  the  hotspot  direction. 


Fig.  2  As  Fig.l  except  for  crop  canopies. 


Fig.  3  As  Fig.l  except  for  tree  canopies  with  different 
LADs. 


Fig.  4  As  Fig.3  except  for  different  spacings. 
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Abstract  -  Soil  radiative  transfer  has  been  poorly  inves¬ 
tigated,  compared  to  canopy  radiative  transfer  model¬ 
ing.  This  paper  summarizes  our  recent  studies  on  this 
subject.  The  well-known  Hapke  model  is  improved  and 
a  new  approximation  is  developed  for  the  multiple¬ 
scattering  calculations.  Soil  hot  spot  effects  are 
evaluated  using  coherent  backscattering  theory,  rather 
than  the  shadowing  theory  that  has  been  widely  used  for 
calculating  soil  and  canopy  hot  spots. 

INTRODUCTION 

Easy  invertibility  of  a  soil  BRDF  model  is  highly 
desirable,  if  we  wish  to  retrieve  various  environmental 
parameters  from  remotely  sensed  imagery.  Other  appli¬ 
cations  such  as  atmospheric  correction  or  atmosphere- 
biosphere  models  need  simple  soil  models  as  the  boun¬ 
dary  conditions.  For  these  purposes,  a  parametric 
model  is  preferable.  Few  approximate  directional- 
reflectance  soil  models  based  on  radiative  transfer 
theory  have  been  published  [1][2][3].  The  differences 
among  different  approximate  radiative  transfer  models 
depend  on  their  problem  formulations  and  approxima¬ 
tions  for  the  multiple-scattering  component.  Most 
analytical  radiative  transfer  models  that  simplify  mul¬ 
tiple  scattering  are  based  on  the  two-stream  approxima¬ 
tion  or  its  variants.  Two-stream  approximation  has  been 
widely  used  because  of  its  simplicity,  but  its  accuracy  is 
questionable.  Approximation  approaches  for  the  calcu¬ 
lation  of  multiple  scattering  are  still  quite  limited.  A 
widely  used  soil  bidirectional  reflectance  model  is  the 
Hapke  model  [1][2],  which  originally  was  developed 
for  planetary  surface  reflectance.  Several  inversion 
experiments  have  been  carried  out  to  retrieve  soil  physi¬ 
cal  parameters  using  the  Hapke  model  [4] [5].  One  of  the 
approximations  made  in  the  Hapke  model  is  that  multi¬ 
ple  scattering  is  isotropic  regardless  of  the  actual  phase 
function  of  the  medium.  In  a  recent  study,  we  improved 
the  Hapke  model  by  formulating  the  soil  radiation  field 
with  three  components:  single-scattering  radiance, 
double-scattering  radiance  and  multiple-scattering  radi¬ 
ance  [6].  Although  multiple-scattering  radiance  is 
approximated  by  the  same  isotropic  H-function  ex 
pressed  in  the  original  Hapke  model,  the  modified 
Hapke  model  is  much  more  accurate  than  the  original 
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Hapke  model  because  of  the  exact  inclusion  of  the 
double-scattering  component. 

A  new  multiple-scattering  formula  based  on  the 
four-stream  approximation  is  presented  for  the  soil 
bidirectional  reflectance  [7].  An  arbitrary  directional 
distribution  of  the  sky  radiance  has  been  incorporated. 
Comparisons  among  the  present  model,  the  Hapke 
model  and  DISORT  code  indicates  that  the  present 
model  is  much  more  accurate  than  the  Hapke  model  and 
also  works  better  than  the  modified  Hapke  model  [6]. 
The  effect  of  the  present  model  accuracy  on  parameter 
inversion  is  also  evaluated. 

One  of  the  pronouncing  phenomena  of  the  soil 
bidirectional  reflectance  is  the  hot  spot.  The  Hapke’s 
empirical  hot  spot  function  based  on  the  shadowing 
theory  [8]  has  been  widely  used  for  soils.  According  to 
the  shadowing  theory,  particles  in  a  medium  that  are 
large  compared  to  the  wavelength  and/or  opaque  cast 
shadows  on  the  neighboring  particles.  When  the  view¬ 
ing  direction  matches  the  illumination  direction,  all  sha¬ 
dows  are  hidden  by  the  particles  that  cast  them  and  thus 
the  local  brightness  reaches  its  maximum.  When  the 
viewing  direction  moves  away  from  the  illumination 
direction,  shadows  can  be  seen  and  the  detected  bright¬ 
ness  sharply  decreases.  However,  the  shadowing  theory 
is  not  valid  for  soils  composed  of  fine  particles  that  do 
not  have  well-defined  shadows.  In  a  recent  study, 
coherent  backscattering  theory  has  been  used  for  calcu¬ 
lating  the  soil  hot  spot  [9]. 

AN  IMPROVED  HAPKE  MODEL 

The  Hapke  model  for  soil  bidirectional 
reflectance  has  been  modified.  The  radiation  field  is 
divided  into  three  rather  than  two  components.  The 
multiple-scattering  component  is  approximated  by  the 
original  formula  with  appropriate  modification,  while 
single-scattering  and  double-scattering  components  are 
exactly  calculated. 

A  numerical  code  DISORT  based  on  the 
discrete-ordinate  algorithm  is  used  for  accuracy 
verification.  When  the  soil  asymmetry  parameter  is 
small,  where  scattering  by  a  soil  is  close  to  isotropic  or 
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when  the  single-scattering  albedo  is  small,  implying 
that  multiple  scattering  is  weak,  both  the  modified 
model  and  original  Hapke  model  work  quite  well.  When 
the  soil  scatters  anisotropically  or  multiple  scattering 
dominates,  the  modified  model  works  much  better  than 
the  original  Hapke  model  (Fig.  1). 

If  the  parametric  model  is  not  accurate  enough, 
estimated  parameters  may  be  far  from  "true"  values.  An 
inversion  experiment  shows  that  the  modified  model 
can  yield  more  accurate  estimation  of  parameters  than 
the  Hapke  model.  It  is  also  demonstrated  that  a  good 
satisfactory  fit  between  the  simulated  radiance  or 
reflectance  does  not  mean  that  the  model  can  con¬ 
sistently  retrieve  correct  physical  parameters. 

FOUR-STREAM  APPROXIMATION 

Because  the  multiple-scattering  radiance  of  the 
soil  medium  cannot  be  explicitly  calculated,  we  use 
instead  a  four-stream  approximation.  A  numerical 
discrete-ordinate  algorithm  is  used  for  the  validation  of 
this  present  model.  The  results  indicate  that  this  approx¬ 
imate  model  is  much  more  accurate  than  the  widely 
used  Hapke  model. 

Many  soil  directional  reflectance  models  do  not 
account  for  sky  radiance  directly.  However,  the  sky 
radiance  is  usually  not  negligible.  One  of  the  common 
practices  is  the  use  of  the  following  formula  for  the 
upwelling  radiance  at  the  top  of  the  soil  due  to  sky  radi¬ 
ance 

/(O)  =  j  I\Q. ')f{Q. 

2k- 

where  2k~  denotes  the  downward  hemisphere, 
f(Q',Q)  is  the  soil  BRDF  at  the  viewing  direction  Q 
given  the  diffuse  illumination  at  the  directions  Q'.  If 
Gaussian  quadrature  is  used,  the  above  integration  can 
be  replaced  by  the  sum  over  M  (zenith  angle)  by  N 
(azimuth  angle)  discrete  directions.  Obviously,  this 
requires  MN  calculations  of  the  parametric  soil  model, 
which  may  take  longer  than  a  numerical  code.  The 
parametric  model  has  explicitly  incorporated  the  sky 
radiance  distribution,  and  it  does  not  require  multiple 
runs  of  the  code. 

SOIL  HOT  SPOT  EFFECTS 

The  soil  hot  spot  effect  is  characterized  by  the 
magnitude  enhancement  factor  ^  and  the  the  half-width 
at  half-maximum  (HWHM)  for  the  angular  width  of  the 
hot  spot.  Coherent  backscattering  theory  is  used  to  cal¬ 
culate  the  magnitude  and  angular  width  of  the  soil  hot 


spot.  The  soil  particle  size  is  assumed  to  follow  the 
power  distribution  and  gamma  distribution,  the  indivi¬ 
dual  particle  is  assumed  as  spheroidal.  The  T-matrix 
approach  is  used  to  calculate  the  optical  properties  (e.g., 
single-scattering  albedo,  scattering  matrix,  differential 
scattering  cross  section,  etc.)  of  the  medium  for  non- 
spherical  particles.  The  soil  structure  is  characterized  by 
the  filling  factor,  percentage  of  the  particle  occupancy. 
The  vector  radiative  transfer  equation  is  solved  by  the 
fast  invariant  imbedding  method.  The  variables  are  also 
linked  to  the  coefficients  of  the  Hapke  empirical  hot 
spot  function  based  on  the  shadowing  theory. 

Because  the  mechanisms  between  the  coherent 
backscattering  theory  and  the  shadow  ing  theory  are 
completely  different,  the  calculated  results  reveal 
different  beh  aviors.  (1).  The  predicted  soil  hot  spot 
based  on  coherent  backscattering  theory  primarily 
depends  on  multiple  scattering,  therefore  the  magnitude 
of  the  soil  hot  spot  peak  increases  as  the  reflectance 
increases  which  is  a  strong  function  of  the  wavelength 
(Fig.2).  Conversely,  the  predicted  magnitude  of  soil  hot 
spot  peak  based  on  the  shadowing  theory  decreases  as 
the  reflectance  increases  since  shadow  hiding  is  impor¬ 
tant  only  for  singly  scattered  light.  (2).  The  angular 
width  of  the  coherent  backscattering  peak  is  a  function 
of  the  wavelength  (precisely  the  ratio  of  the  particle 
radius  to  the  wavelength),  whereas  the  shadow  hiding 
peak  is  indepenclv  nt  of  the  wavelength. 

The  numerical  calculations  in  this  study  show 
that  the  magnitude  of  the  soil  hot  spot  is  insensitive  to 
the  solar  zenith  angle.  It  is  demonstrated  that  the  soil 
hot  spot  is  sensitive  to  the  particle  shape  and  the  filling 
factor.  Theoretically,  those  important  soil  properties 
may  be  retrieved  from  hot  spot  observations.  Practi¬ 
cally,  the  current  radiometers  used  for  remote  sensing 
have  much  larger  fields  of  view,  which  may  largely 
change  the  angular  shape  and  the  magnitude  of  the  soil 
hot  spot.  The  soil  refractive  index  is  an  another  parame¬ 
ter  controlling  the  hot  spot  shape.  We  need  to  examine 
how  variable  this  parameter  is.  Another  problem  is  that 
the  hot  spot  may  be  caused  by  other  factors,  for  exam¬ 
ple,  the  surface  roughness.  Further  theoretical  and 
experimental  studies  are  highly  required. 

Present  soil  radiative  transfer  models  still  cannot 
account  for  soil  moisture  content,  organic  matter  and 
other  biochemical  substances  which  may  have 
significant  effects  on  soil  bidirectional  reflectance  [10]. 
More  investigations  are  needed. 

REFERENCES 


1649 


[1]  Hapke,  B.  W.,  Bidirectional  reflectance  spec¬ 
troscopy  1.  Theory,  J.  Geophys.  Res.  vol.  86,  pp. 
3039-3054,  1981. 

[2]  Hapke,  B.,  Theory  of  reflectance  and  emittance 
spectroscopy,  Cambridge  University  Press,  New 
York,  1993. 

[3]  Ahmad,  S.  P.,  and  Deering,  D.  W.,  A  simple  ana¬ 
lytic  function  for  bidirectional  reflectance.  Jour¬ 
nal  of  Geophysical  Research,  vol.  97,  pp. 
18,867-18,886,  1993. 

[4]  Pinty,  B.,  Verstraete,  M.  M.,  and  Dickson,  R.  E., 
A  physical  model  for  predicting  bidirectional 
reflectance  over  bare  soil.  Remote  Sens.  Environ. 
vol.  27,  pp.  273-288,  1989. 

[5]  Jacquemoud,  S.,  Baret,  F.,  and  Hanocq,  J.  F., 
Modeling  spectral  and  bidirectional  soil 
reflectance.  Remote  Sens.  Environ,  vol.  41,  pp. 
123-132,  1992. 

[6]  Liang,  S.,  and  Townshend,  J.  R.  G.,  A  modified 
Hapke  model  for  soil  bidirectional  reflectance. 
Remote  Sensing  of  Environment,  in  press. 

[7]  Liang,  S.,  and  Townshend,  J.  G.  R.,  Parametric 
soil  BRDF  model  :  A  four-stream  approxima¬ 
tion,  Int.  J.  Remote  Sens,  in  press. 

[8]  Hapke,  B.,  Bidirectional  reflectance  spectros¬ 
copy  4;  The  extinction  coefficient  and  the  oppo¬ 
sition  effect,  Icarus,  vol.  67,  pp.  264-280,  1986. 


[9]  Liang,  S.,  and  Mishchenko,  M.  I.,  Calculation  of 
soil  hot  spot  effects  using  coherent  backscatter- 
ing  theory,  submitted  to  Remote  Sens.  Environ. 

[10]  Irons,  J.  R.,  Weismiller,  R.  A.,  and  Petersen,  G. 
W.,  Soil  reflectance,  in  Theory  and  applications 
of  optical  remote  sensing,  ed.  G.  Asrar,  (John 
Wiley  &  Sons,  New  York,  USA),  66-106,  1989. 


Fig.  1  Model  comparisons. 


Fig.  2  Hot  spot  enhancement  factor  of  fine  sill  soils. 
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Abstract  -  Open  boreal  forests  present  a  challenge  in  under¬ 
standing  remote  sensing  signals  acquired  under  various  solar 
and  view  geometry.  Much  research  is  needed  to  improve  our 
ability  to  model  the  bidirectional  reflectance  distribution 
(BRD)  for  retrieving  the  surface  information  using  measure¬ 
ments  at  a  few  angles.  The  geometric-optical  bidirectional 
reflectance  model  outlined  in  this  paper  differs  from  Li- 
Strahler's  model  [4],  [5],  [7]  in  the  following  respects:  /)  the 
assumption  of  random  spatial  distribution  of  trees  is  replaced 
by  the  Neyman  distribution  which  is  able  to  generate  the 
dumpiness  of  a  forest  stand;  ii)  the  multiple  mutual  shadow¬ 
ing  effect  among  tree  crowns  is  considered  using  the  combi¬ 
nation  of  the  negative  binomial  and  the  Neyman  distribution 
theory;  Hi)  the  probability  of  observing  the  sunlit  background 
is  modelled  using  a  canopy  gap  size  distribution  function 
which  is  shown  to  affect  the  size  and  width  of  the  hotspot;  iv) 
the  branch  architecture  of  conifer  trees  affecting  the  direc¬ 
tional  reflectance  is  simulated  using  a  simple  angular  radia¬ 
tion  penetration  function;  v)  the  tree  crown  surface  is  treated 
as  a  complex  surface  with  small  stractures  which  themselves 
generate  mutual  shadows  and  a  hotspot.  All  these  levels  of 
canopy  architecture  are  shown  to  have  important  effects  on 
the  directional  distribution  of  the  reflected  radiance  from 
boreal  forests.  The  model  results  compare  well  with  a  data 
set  from  a  spruce  forest.  The  model  after  validation  is  used  as 
a  tool  to  retrieve  the  leaf  area  index  of  plant  canopies  accord¬ 
ing  to  a  vegetation  index  (NDVI)  calculated  from  the  mod¬ 
elled  red  and  near  infrared  bidirectional  reflectance  factors  at 
various  solar  and  view  angles.  The  importance  of  canopy 
architecture  (tree  density  and  distribution,  and  branch  and 
shoot  structure)  in  the  retrieval  of  LAI  will  be  demonstrated. 

INTRODUCTION 


pulsion  effect.  Second,  leaves  are  not  randomly  distributed 
within  tree  crowns.  In  conifer  trees,  for  example,  leaves  are 
grouped  into  shoots,  branches  and  whirls.  The  4-level  di¬ 
rectional  reflectance  model  outlined  in  this  paper  includes 
these  two  additional  levels  of  canopy  architecture. 

TREE  DISTRIBUTION 

Tree  distributions  are  commonly  modeled  by  the  Poisson 
theory.  Measurements  from  a  boreal  forest  shown  in  Fig.  1 
indicate  a  clear  departure  from  the  random  case.  Based  on 
Neyman  [8],  and  Getis  and  Boots  [3],  it  is  assumed  that 
trees  are  clustered  in  groups  and  the  size  of  a  group  follows 
a  Poisson  process,  centred  around  a  certain  size.  This  group 
must  be  confined  into  a  quadrat.  The  probability  of  having 
a  group  inside  a  certain  domain  also  follows  a  Poisson  dis¬ 
tribution.  This  process  is  a  double  Poisson  distribution, 
better  known  as  Neyman  type  A: 


■Pw(n'«i;  "'2  )=«"”' 


/!  jM  ;! 


for;  =  0,1,2,... 


(1) 


where  rn  i  is  the  mean  number  of  group  per  quadrat  and  m2  is 
the  cluster  mean  size.  The  mean  number  of  trees  in  a  quad¬ 
rat  is  rn  =  mym2.  When  the  quadrats  are  small,  or  when  the 
grouping  is  large  compared  to  m,  a  Neyman  process  is  more 
likely  to  give  empty  quadrats  and  create  patchiness  than  the 
Poisson  process.  In  Fig.  1,  a  Neyman  with  grouping  of  3 
gives  results  closer  to  the  measurements  than  the  Poisson 
theory.  The  measurements  are  taken  from  an  area  of 
100  X  100  m^  in  a  mature  jack  pine  stand  located  near  Can¬ 
dle  Lake,  Saskatchewan. 


In  previous  geometric-optical  models,  a  forest  stand  is  as¬ 
sumed  to  consist  of  randomly  distributed  objects  containing 
leaves  as  turbid  media.  These  two-level  models  mark  a 
major  advancement  in  simulating  radiation  regimes  in  for¬ 
est  stands  compared  with  the  one-level  turbid-media  mod¬ 
els.  However,  two-level  models  can  only  be  considered  as 
much  simplified  mathematical  descriptions  of  the  physical 
reality.  First,  trees  are  generally  not  randomly  distributed  in 
space.  They  are  clustered  at  large  scales  due  to  variations  in 
the  soil  and  topographic  conditions.  They  are  also  not  ran¬ 
domly  positioned  at  small  scales  because  of  the  natural  re- 
0-7803-3068-4/96$5.00©1996  IEEE 


TREE  CROWN 

The  present  model  is  first  used  to  simulate  a  black  spruce 
forest.  The  top  of  a  tree  is  modeled  by  a  cone,  and  the  lower 
part  by  a  cylinder  “on  a  stick.”  This  situation  occurs  when 
the  lower  part  of  a  tree  has  a  trunk  without  much  foliage. 
We  denote  Sg  as  the  shadow  on  the  ground  surface  and  Vg 
the  viewing  shadow,  i.e.  the  ground  area  blocked  by  trees  in 
the  viewing  direction.  The  illuminated  area  on  one  tree 
crown  is  calculated  according  to  the  crown  shape. 
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Fig.  1  Comparison  between  Poisson,  Nejman  and  measurements  of  a 
Jack  Pine  forest 


CANOPY  GAP  FRACTION  AND  THE  HOTSPOT 


The  probability  of  seeing  the  ground  is  used  for  estimating 
the  contribution  of  the  underlying  surface.  If  the  trees  are 
clustered,  and  overlapping  is  allowed  we  have: 

Ps,  =  YPy(V,)-Piapi^.)  +  P,o  (2) 

J=0 

where  =  rt  ^gapi^v)  is  the  gap  probability  within 

1 

j  tree  overlaping,  0v  is  the  view  zenith  angle,  and  is 

the  probability  of  j  overlapping: 


PtjiPgi)=Y.PNii'^m{,nh 

/=0 


A  _ 

A 

(4) 


In  real  forests,  trees  found  in  clusters  are  usually  smaller 
than  the  average  tree  size.  We  have  m  trees  on  average  in  one 
quadrat.  The  model  assumes  that  for  the  probability  of  hav¬ 
ing  more  than  m  trees  in  a  quadrat,  the  size  of  the  projection 
will  decrease  as  =  V^m/i.  The  gap  probability  Pgap{^) 
from  Nilson  [9]  is  used  for  a  continuous  medium.  For  a  dis¬ 
continuous  canopy,  we  use  a  similar  equation  [7].  It  has  the 
advantage  of  being  usable  for  any  form  of  trees: 


G(9JQ 


(5) 


Additional  equations  are  used  to  describe  the  foliage  projec¬ 
tion  coefficient  G(0)  and  the  clumping  index  Q  depending 
on  the  crown  architecture.  D  is  the  density  of  trees.  Simi¬ 
larly,  the  probability  of  having  an  illuminated  ground  surface 
(Pig)  can  be  found  by  replacing  0v  with  0s  in  (2).  Using  (4), 
mutual  shadowing  of  trees  can  be  computed.  The  model  as¬ 
sumes  that  the  cone  part  is  not  affected  by  overlapping.  The 
canopy  gap  size  (A.)  distribution  [1]  is  used  to  model  the  hot¬ 
spot.  For  an  illuminated  area  on  the  ground,  the  viewer  needs 


a  minimum  gap  size,  Xm,  to  see  the  ground  area  through  the 
same  gap.  The  process  is  done  on  the  crown  level  for  the 
ground  hotspot,  and  at  the  shoot  and  branch  levels  for  the 
tree  crown  hotspot.  The  resulting  hotspot  function  is: 

/(A0)  =  ^^-^-— -  (6) 

NiX)dX 

where  A0  is  the  angular  difference  between  the  viewer  and 
the  sun,  0ni  is  the  minimum  angle  difference  required  to  see 
an  illuminated  area  on  the  ground  for  a  gap  size  of  which 
can  be  predicted  [1].  N(X)  is  the  number  density  of  a  gap 
with  size  X.  Equation  (6)  is  used  as  a  hotspot  kernel  which 
equals  one  at  the  hotspot  and  zero  where  the  viewing  and 
illumination  processes  become  independent.  The  reflectance 
is  found  by  multiplying  the  proportion  of  illuminated  and 
shaded  tree  crown  or  ground  surface  seen  by  the  viewer,  by 
their  respective  reflectivity  in  red  or  near-infrared  wave¬ 
lengths. 


MODEL  RESULTS 

The  model  first  computes  the  canopy  gap  fraction.  Meas¬ 
urements  from  a  black  spruce  forest  were  used  as  a  valida¬ 
tion.  A  density  of  2800  trees  per  hectare,  divided  into  20 
quadrats,  a  LAI  of  4,  a  tree  height  of  13  m,  a  radius  of  0.45 
m,  and  an  apex  angle  of  13°  were  assumed.  To  give  an  vali¬ 
dation  of  the  effect  of  the  grouping,  Fig.  2  shows  the  gap 
probability  from  (2)  for  values  of  grouping  of  1,  5,  10,  and 
20.  Because  the  stand  is  very  open,  the  Neyman  grouping 
effect  becomes  relatively  small  in  the  gap  fraction  near  the 
vertical  direction.  The  best  curve  is  for  ni2  =  10.  With  the 
same  parameters,  the  reflectance  in  the  red  band  is  computed 
for  4  different  solar  zenith  angles  (Fig.  3).  The  model  is  able 
to  simulate  the  measurements  reasonably  well.  Compared 
with  measured  data  points,  the  modelled  curves  show  sharp 
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Fig.  2  Measured  gap  probability  ajid  different  grouping  factor  output  of 
the  model. 
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Fig.  3  Comparisons  of  boreal  black  spruce  reflectance  measurements  in 
the  red  (□)  >\ith  the  model  ( — )  in  the  principal  plane. 

spikes  at  the  hotspot.  The  difference  may  be  partly  due  to  the 
small  angular  resolution  (15®)  in  the  measurements,  which 
effectively  average  out  the  peak  of  a  hotspot.  The  subtle  dif- 
erences  in  other  angle  ranges  suggest  that  further  improve¬ 
ments  in  the  mathematical  description  of  the  sub-canopy 
architecture  are  needed. 

INVERSION 

The  model  offers  enough  variability  to  be  used  to  retrieve 
forest  canopy  parameters.  It  can  be  used  to  estimate  LAI 
from  NDVI  calculated  from  red  and  near-infrared  reflec¬ 
tance.  The  NDVI  found  in  Fig.  4a  for  the  fonvardscattering 
side  is  larger  than  that  on  the  backscattering  side.  This  is  in 
agreement  with  measurements  in  black  spruce  forest  [2],  The 
difference  between  the  LAI-NDVI  relationship  at  various 
view  angles  is  largely  determined  by  within-crown  structures. 
The  effect  of  the  grouping  is  plotted  in  Fig.  4b  for  the  for¬ 
wardscattering  side,  showing  how  the  NDVI  changes  with 
different  Neyman  grouping.  The  effect  of  Neyman  grouping 
depends  on  the  quadrat  size.  Larger  effects  are  found  in 


Fig.  4  Effect  of  different  levels  of  the  model  on  the  inversion  process. 


larger  quadrats  with  larger  Neyman  groups,  suggesting  that 
in  coarse  resolution  remote  sensing  data,  the  grouping  effect 
would  be  more  important. 

CONCLUSION 

The  four-level  model  represents  a  significant  improvement 
over  previous  two-level  geometric-optical  models  in  its  ca¬ 
pability  to  simulate  the  directional  reflectance  behavior  for 
complex  plant  canopies.  Such  a  model  provides  the  needed 
flexibilities  in  inversion  for  a  wide  range  of  plant  canopy 
types. 
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ABSTRACT 


This  paper  presents  validation  of  a  method  for 
estimation  of  forest  bi-directional  reflectance  for  an 
example  of  boreal  forest.  The  method  employs  Monte 
Carlo  solution  of  a  hybrid  geometric  optical  /  radiative 
transfer  model.  The  model  output  is  compared  with  ground 
and  airborne  measurements  of  a  mature  jack  pine  site 
collected  during  BOREAS. 

INTRODUCTION 

Accurate  models  of  light  interaction  with  the  land 
surface  are  required  to  derive  the  parameters  needed  for 
climate  and  vegetation  studies  from  remotely  sensed  data. 
The  problem  has  received  much  recent  attention  given  the 
demand  for  spatial  estimates  of  inputs  to  models  to  predict 
the  effects  of  climate  change,  and  the  need  to  maximise  the 
potential  of  new  instruments  capable  of  detailed  sampling 
of  land  surface  reflectance  [1]  [2].  Forests  present  a 
particularly  complex  case,  where  both  small  and  large  scale 
structural  heterogeneity  make  it  difficult  to  model  the  many 
scattering  events  contributing  to  reflectance. 

This  paper  presents  validation  of  a  method  for 
estimation  of  forest  bi-directional  reflectance  for  an 
example  of  coniferous  forest.  The  method  employs  Monte 
Carlo  solution  of  a  hybrid  geometric  optical  /  radiative 
transfer  model  [3]  [4].  Hybrid  models  attempt  to  combine 
the  geometric-optical  representation,  which  captures  large 
scale  structure  well,  with  a  radiative  transfer  approximation 
of  the  volume  scattering  and  extinction  occurring  within  the 
geometric  boundary.  While  single  scattering  and  light 
penetration  have  previously  been  accurately  modelled  [5], 
calculation  of  bi-directional  reflectance  has  been  limited  by 
the  difficulty  in  evaluating  the  angular  distribution  of 
multiple  scattering.  Applied  to  photon  transport,  the  Monte 
Carlo  method  involves  simulation  of  the  chain  of  scattering 
events  incurred  by  a  photon  in  its  path  from  the  source  to 
the  receiver  or  to  its  absorption  [6]  [7],  The  technique  has 
the  advantage  that  only  the  single  scattering  properties  need 
be  explicitly  modelled.  The  method  developed  here  allows 
accurate  treatment  of  multiple  scattering  within  and 
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between  crowns,  trunk  and  ground,  and  is  applicable  to 
forests  of  arbitrary  density. 

MODEL  DESCRIPTION 

Representation 

Forest  macro-structure  is  represented  by  a  set  of 
geometric  primitives,  positioned  in  three  dimensions  above 
a  horizontal  plane.  The  primitives  define  crown  shape  and 
size,  and  may  overlap.  Crown  positions  may  be  directly 
specified  for  an  individual  scene,  or  estimated  from  a 
statistical  distribution  or  growth  model.  All  non-understory 
foliage  is  considered  to  lie  within  the  crown  boundaries. 
Within  each  crown,  foliage  is  approximated  by  structural 
parameters  of  area  density,  angular  distribution  and  size, 
and  optical  properties  of  reflectance  and  transmittance. 
These  parameters  are  approximated  as  homogenous  within 
each  boundary,  but  may  vary  between  crowns.  In  the 
examples  given  for  coniferous  forest,  a  cone  is  used  to 
approximate  crown  shape  and  a  second  cone  is  used  to 
represent  the  trunk. 

Evaluation 

The  paths  of  individual  photons  are  traced  through 
successive  interactions  from  illumination  source  to  viewer. 
An  individual  photon  may  undergo  interactions  within  a 
number  of  distinct  crowns  and  with  the  ground  surface 
before  reaching  the  upper  boundary.  At  each  interaction  a 
photon  may  be  either  absorbed  or  scattered  in  a  new 
direction.  This  is  simulated  by  approximating  aggregate 
photon  intensity  at  each  wavelength  with  a  continuous 
probability  density  function,  allowing  all  paths  traced  to 
contribute  to  the  reflectance  estimate.  The  accumulated 
exiting  intensity  allows  calculation  of  reflectance  for  view 
directions  quantised  over  a  hemisphere. 

The  scattering  phase  function  for  an  individual  leaf 
has  been  approximated  using  a  bi-Lambertian  reflectance 
model.  The  remaining  phase  functions  are  approximated  by 
a  Lambertian  scattering  model  for  reflectance  from  the 
trunk,  and  by  Hapke’s  equations  [8]  [9]  for  ground 
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reflectance,  normalised  to  bark  and  understory  reflectance 
estimates  respectively. 

The  discontinuous  nature  of  the  forest  canopy 
complicates  the  simulation  of  photon  trajectory.  Within  a 
crown,  scattering  is  evaluated  by  Monte  Carlo  solution  of 
the  radiative  transfer  approximation,  modified  to  include 
consideration  of  the  effect  of  finite  sized  foliage  scattering 
elements[10].  External  to  the  crowns,  simulation  of  photon 
trajectory  proceeds  by  deterministic  ray-tracing. 


RESULTS 

Bidirectional  reflectance  predicted  by  the  model 
has  been  compared  with  ground  and  airborne 
measurements  using  data  collected  during  BOREAS.  The 
site  considered  is  dominated  by  mature  jack  pine  (Pinus 
banksiana),  located  in  the  BOREAS  Southern  Supersite 
Area  (53.916°  N,  104.692°  W)  near  Candle  Lake, 
Saskatchewan.  Structural  and  optical  measurements  were 
obtained  from  both  the  BORIS  database  and  [11]. 

To  estimate  bi-directional  reflectance,  a 
representative  volume  enclosing  50  trees  was  modelled. 
Each  tree  crown  was  approximated  by  a  cone  defining  its 
crown  boundary  and  a  second  defining  its  trunk.  The  three- 
dimensional  positions  of  the  crowns  were  generated  using  a 
modified  Poisson  model  based  on  forest  structural  statistics. 
Bidirectional  reflectance  factors  (BRFs)  were  estimated 
over  a  hemisphere  in  5°  bins,  by  simulating  1.5  x  10^ 
photon  trajectories. 

The  model  output  was  compared  with  reflectance 
factors  derived  from  PARABOLA  [12]  and  POLDER  [13] 

[14]  measurements.  The  PARABOLA  measurements  were 
taken  from  a  tram  track  13-14  m  above  the  canopy  on 
5/31/94,  and  calibrated  using  a  BaS04  reflectance  panel. 
The  measurements  were  resampled  to  bins  with  angular 
width  5°  in  zenith  and  30°  in  azimuth  at  wavelengths 
centered  on  662nm,  S26nm  and  1656«m.  The  POLDER 
instrument  was  flown  above  the  canopy  5/26/94,  sampling 
directional  radiance  over  a  wide  area  of  forest  at  five 
wavelengths  (445nm,  550nm,  61(hm,  S64nm,  910«m).  The 
radiances  were  atmospherically  corrected  using  the  6S  code 

[15]  and  in  situ  measurements  of  aerosol  optical  depth  to 
estimate  ground  BRFs.  The  solar  zenith  angle  for  both  sets 
of  data  was  -45°. 

Figures  1  and  2  show  reflectance  in  the  principal 
plane  predicted  by  the  model  (solid  line)  at  610nm  and 
SlOnm  respectively.  PARABOLA  measurements  in  the 
principal  plane  are  shown  as  crosses  and  POLDER 
measurements  lying  close  to  the  principal  plane  (r.a.  ~  19°) 
as  diamonds.  Positive  values  of  the  view  zenith  angle 
indicate  reflectance  in  the  back-scattering  direction. 
Comparison  of  the  model  with  PARABOLA  measurements 
for  the  cross  principal  plane  is  shown  in  figures  3  and  4. 


Error  bars  show  standard  deviation  of  the  PARABOLA 
data  where  a  number  of  measurements  lie  within  the  same 
angular  bin. 

The  model  BRDF  shows  a  clear  hotspot  peak  at 
both  wavelengths,  with  markedly  lower  reflectance  in  the 
forwards  scattering  direction.  In  comparison  to  the 
measured  data,  reflectance  at  670  nm  appears  to  be 
underestimated  by  the  model,  while  reflectance  at  865  nm 
is  overestimated.  However  there  is  agreement  in  overall 
shape  of  the  BRDF  in  both  principal  plane  and  cross¬ 
principal  plane  directions. 


CONCLUSION 

A  model  of  forest  bidirectional  reflectance  was 
compared  with  field  measured  reflectances  for  an  example 
of  mature  coniferous  forest.  Agreement  was  seen  in  overall 
BRDF  shape  although  there  was  some  difference  in 
absolute  reflectance.  The  results  should  be  considered 
preliminary  as  there  are  some  differences  between  the 
model  and  the  two  sets  of  measurements  in  spectral  and 
angular  sampling. 
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ABSTRACT 

Determining  the  biomass  of  an  incomplete  canopy  by 
inversion  of  a  plant/soil  model  depends  upon  assessing 
the  separate  contributions  of  the  soil  and  the  leaves  to 
the  overall  surface  reflectance.  The  factors  affecting 
the  relative  importance  of  these  two  surface 
components  are:  1)  the  canopy  optical  thickness,  2) 
the  canopy  architecture  (these  first  two  factors  control 
the  gap  function),  3)  the  magnitude  and  anisotropy  of 
the  leaf  reflectance  (which  control  single-scattering 
backscattering),  4)  the  magnitude  and  anisotropy  of  the 
leaf  transmittance  (which  control  fonward  scattering), 
and  5)  the  magnitude  and  anisotropy  of  the  soil 
reflectance.  An  appropriate  inversion  is  made  more 
problematic  by  the  fact  that  these  factors  can  change 
over  time  in  response  to  environmental  influences. 
Applying  a  simple  model,  we  present  and  discuss 
bidirectional  reflectances  for  an  incomplete  canopy/soil 
surface.  Isotropic  leaf  and  soil  reflectances  produce 
quite  different  overall  reflectance  patterns  than  those 
based  on  measured  leaf  and  soil  reflectances. 

INTRODUCTION 

Assessing  canopy  vigor  and  biomass,  and  predicting 
yield,  constitute  important  tasks  for  remote  sensing  of 
vegetated  surfaces.  Because  of  the  wide-ranging 
importance  of  these  tasks,  the  number  of  pertinent 
studies  is  very  large,  with  results  ranging  from  the 
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ordinary  to  the  superior.  We  do  not  intend  to 
summarize  the  various  techniques  used  for  inversion, 
or  survey  the  record  of  successful  characterizations  of 
canopies.  We  do  point  out  that  different 
characterization  approaches  range  widely  from  the  point 
of  view  of  i)  mathematical  complexity  and  ii) 
dependence  upon  background  information  about  the 
reflectances  of  the  surface  components. 

An  extreme  example  of  simple  inversion  is  the 
determination  of  the  grass-blade  reflectance  and 
transmittance  for  prairie,  when  the  canopy  can  be 
assumed  to  be  dense  (essentially  complete)  and  the 
structure  predominantly  vertical.  The  inversion  under 
these  assumptions  can  be  a  one-parameter  inversion, 
in  which  grass-blade  reflectance  is  determined  from 
measurements  in  the  backscatter  direction,  and  the 
grass-blade  transmittance  is  determined  from  canopy 
reflectances  in  the  fonward-scatter  region  [1].  The  other 
extreme,  which  we  regard  as  difficult,  is  the 
determination  of  biomass  [through  leaf  area  index  (LAI) 
assessment]  for  a  rather  thick  canopy  of  not  closely- 
determined  structure  and  unknown  plant-element 
reflectances,  transmittances,  and  underlying  soil 
reflectances.  Thus,  we  are  impressed  by  the  results  of 
[2],  who  estimated  LAI  for  a  soybean  canopy  with  an 
error  level  of  7.7%. 

Leaf  and  soil  reflectances  have  been  shown  to  be 
anisotropic  [3],[4].  In  our  short  study,  realistic  leaf  and 
soil  reflectances  will  be  incorporated  into  a  canopy 
model  originally  designed  for  Lambertian  reflectances. 
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ANISOTROPIC  SOIL  AND  LEAF  REFLECTANCES 

For  our  analysis,  we  select  the  laboratory 
measurements  made  by  [5]  of  the  bidirectional 
reflectance  from  Elkton  silt  loam.  Fig.  1a  and  b  show  the 
fractional  reflectances  (i.e.,  the  reflectance  factor  times 
the  cosine  of  the  view  zenith  angle;  see  [6])  for 
incidence  zenith  angles  of  0°  and  60°,  respectively. 

The  leaf  facet  reflectance  data  is  taken  from  laboratory 
measurements  described  by  [7].  Fig.  2  shows  the 
scattering  from  red  oak  (Quercus  Rubra  L.)  leaves  in 
June  at  two  incidence  angles. 

HORIZONTAL  FACET  CANOPY  MODEL 

To  illustrate  the  importance  of  anisotropic  leaf  and  soil 
reflectance,  we  apply  here  a  simplified  vegetated 
surface  model  consisting  of  horizontal  facets  over  a  soil 
plane  as  given  by  [8].  The  reflectance  r  is  given  by 


/•—  r  ^  r 

I  U 


where  /[  is  the  reflectance  factor  of  the  soil  plane,  is 
the  reflectance  factor  of  a  leaf  facet  (both  assumed 
Lambertian  in  [8]),  and  u  is  the  projected  area  of  the 
facets  on  a  horizontal  plane,  rdoes  not  vary  with  view 
angle  when  r;  and  are  Lambertian.  We  insert  the  non- 
Lambertian  reflectance  factors  for  the  Elkton  silt  loam 
and  red  oak  leaves  into  (1)  to  obtain  the  surface 
reflectance  factors  shown  in  Fig.  3.  The  surface 
reflectance  now  varies  with  view  zenith  angle,  and  the 
pattern  is  different  for  the  two  incident  angles. 

For  nadir  illumination,  the  reflectance  is  close  to  that 
of  the  Lambertian  case.  Increasing  LAI  lowers  the 
reflectance.  However,  for  an  incidence  angle  of  60°, 
there  is  a  change  with  view  angle.  There  is  a  back- 
scatter  peak  that  is  damped  by  increasing  LAI,  and  a 
forward  scattering  peak  that  is  enhanced  by  increasing 
LAI.  Model  inversion  for  determining  leaf  reflectance 
should  be  done  in  the  fonward  scattering  direction 
where  the  model  is  sensitive  to  leaf  reflectance  and 
insensitive  to  LAI. 


complete  or  incomplete  canopy.  In  addition,  the  pattern 
for  an  incomplete  canopy  depends  on  the  actual 
reflectance  of  the  underlying  soil.  Information  about  soil 
and  leaf  reflectances  thus  constitutes  important 
background  information  for  interpreting  (or  inverting) 
bidirectional  reflectances  for  canopy  characterization. 
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DISCUSSION  AND  CONCLUSIONS 

Incorporation  of  realistic  (measured)  leaf  reflectances 
strongly  changes  (as  compared  to  the  isotropy 
assumption)  the  bidirectional  reflectance  pattern  of  a 


Figure  1 .  Bidirectional  fractional  reflectance  at  0.65|j.m 
in  polar  coordinates  in  the  principal  plane  for 
Elkton  silt  loam.  The  incident  zenith  angles 
are  0°for  (A)  and  60°  for  (B)  as  indicated  by 
the  arrows. 
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Figure  2.  Bidirectional  fractional  reflectance  and 

transmittance  (above  and  below  the  plane  of 
the  leaf,  respectively,  in  polar  coordinates)  for 
visible  {0.59iJ.m;  -•-•)  and  near-infrared 

(0.91  pm; - )  radiation  incident  upon  the 

adaxial  surface  of  a  red  oak  leaf  (average  of  six 
leaves).  The  incident  zenith  angles  are  0°  for 
(A)  and  60“  for  (B). 
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Abstract:  This  paper  presents  a  quantitative  analysis  of  the 
sensitivity  of  textural  information  of  high  resolution  remote 
sensing  images  of  a  forest  plantation  (Les  Landes,  France)  with 
a  number  of  biophysical  characteristics:  tree  cover,  crown 
diameter,  distance  between  rows  and  leaf  area  index  (LAI). 
The  influence  of  spatial  resolution  and  viewing  and 
illumination  configurations  are  also  assessed.  The  work  is 
conducted  with  directional  images  simulated  with  the  DART 
(Discrete  Anisotropic  Radiative  Transfer)  model,  whereas 
textural  information  is  quantified  by  means  of  variograms. 
Finally,  actual  L67m  resolution  spectral  images  provide  a 
partial  validation  of  the  approach  and  results. 

I  ■  Introduction 

Image  spatial  structure:  Spatial  structure  in  remote  sensing 
images  plays  a  very  important  role  in  visual  interpretation  of 
high  resolution  imagery.  Here,  we  consider  images  of  a  forest 
plantation  (Les  Landes,  France).  Detection  of  spatial  variations 
within  images  is  often  essential  for  a  better  understanding  of 
stand  and  landscape  structure  and  dynamics,  and  for  improving 
inventory  and  mapping.  We  quantified  the  spatial  variability  of 
pixel  values  P  in  images  with  variograms  [1]: 

V(h)=  I E{[P(r,  +  h)  -  P(ri  )f]  =  -^  ijP(r.  +  h)  -  PCqf 

where  ri  is  the  pixel  location,  h  the  lag  over  which  V(h)  is 
computed  and  n  the  number  of  couples  of  pixels  with  a  lag  h. 
Studies  [2]  already  stressed  that  variograms  tend  towards 
image  variance  with  large  h.  So,  the  asymptote  or  sill  is  related 
to  tree  cover  through  image  variance.  The  shape  of  the 
variogram  and  lag  to  the  sill,  the  range,  are  related  to  the  area 
of  objects  within  the  image;  e.g.  tree  crowns.  Coarsening  the 
spatial  resolution  of  the  imaging  system  results  in  lowering  the 
sill,  increasing  the  range,  and  increasing  V(l).  Variograms 
presented  here  are  computed  along  directions  parallel  to  tree 
rows. 

Physical  modeling  for  simulating  images:  The  lack  of 
understanding  of  the  nature  and  causes  of  spatial  variations  in 
images  explains  that  presently  their  use  is  mostly  limited  to 
empirical  relationships  between  scene  information  and  the 
structure  of  necessarily  limited  sets  of  remote  sensing  images. 
Physical  modeling  may  greatly  improve  the  situation  if  models 
are  realistic  enough  for  accurate  image  simultaions.  For 
example,  the  symplifying  hypothesis  of  [3,  2],  Le.  totally 
opaque  crowns  and  no  actual  atmosphere,  may  lead  to 
erroneous  textural  characteristics  [4].  Here,  we  use  a  more 
accurate  model:  the  DART  model  [5].  The  latter  operates  on 
realistic  discrete  scene  representations.  The  scale  of  analysis  is 
selected  with  the  discretization  scheme  value.  Radiation 
propagation  is  tracked  with  the  discrete  ordinate  method. 
Major  electromagnetic  interaction  mechanisms  {i.e.  single  and 


multiple  scattering,  specular  reflectance,  variable  sky 
conditions,  etc.)  of  soils,  leaves,  trunks  and  water  are 
simulated. 

We  coupled  the  DART  model  with  a  3-D  scene  model  [4].  So, 
images  were  simulated  with  different  canopy  structural 
characteristics  (tree  cover,  clumped,  random  or  regular  tree 
distribution,  etc.)  and  experimental  conditions  in  order  to 
assess  their  impact  on  textural  information.  This  paper  presents 
quantitative  results  about  the  influence  of  distance  between 
trees,  crown  diameter,  LAI,  illumination  and  viewing 
directions,  and  spatial  resolution  on  textural  information.  All 
our  results  are  not  shown  here. 

II  -  Image  structure  and  forest  parameters 

The  sensitivity  of  the  textural  information  of  DART  images  to 
forest  structural  parameters  was  analysed.  Here,  images  are 
simulated  in  the  visible  domain  with  a  50cm  spatial  resolution, 
a  soil  layer  (ps=10%)  and  a  grass  layer  (Pg=Tg=15%  -  LAIg=3). 
Trees  are  14.5m  height  and  4.5m  apart  with  a  90%  probability 
of  presence  at  the  nodes  of  a  rectangular  grid;  crowns  are 
homogeneous  and  ellipsoidal  (0=3. 5m  -  pi=Ti=10%).  Canopy 
LAI  is  2.92  and  sun  direction  is  0s=31.2°  and  ([)s=330°. 
Sensitivity  of  texture  (variogram)  to  tree  cover. 

This  is  evaluated  by  means  of  two  structural  parameters: 
(1)  space  between  trees  and  rows  and  (2)  crown  diameter. 

(1)  Space  between  rows  and  trees  (Ar),  Figure  1  shows 
simulations  with  four  Ar  (4. 5/5.5/6.577. 5m).  Tree  cover  varies 
from  10.5%  to  36.3%. 


Fig.  1:  DART  simulations.  Ar  =  4. 5/5. 5/6. 5/7. 5m. 
Associated  variograms  (Fig.  2)  show  that: 

-  variograms  oscillate  with  a  period  equal  to  Ar. 


-  the  larger  Ar  the  larger  the  oscillations  amplitude.  This  is 
correlated  to  the  difference  of  reflectance  Ap  between  tree 
crown  and  vegetation  between  tree  rows.  Ap  decreases 
because  tree  crown  shadows  overlap  less  when  Ar  increases. 

-  sills  vary  as  the  image  variance.  They  increase  with  Ar,  up  to 
Ar=6.5m  and  then  decrease.  This  non  monotonous  variation 
is  logical.  Indeed  for  very  large  and  very  small  Ar  the  image 
is  homogenous  {Le.  nil  sill/variance). 

So,  the  sensitivity  of  variograms  to  Ar  and  thus  tree  cover,  can 
be  quantified.  Ar  can  be  assessed  with  their  period. 
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(2)  Crown  diameter  (0).  The  size  of  0  directly  influences 
tree  cover.  Figure  3  shows  simulations  in  the  visible  with  four 
0  (1.5m,  2.5m,  3.5m  et4.5m).  Variograms  show  that: 

-  a  period  equal  to  Ar  appears  systematically. 


(2)  SKYL  (50%).  Variograms  show  that  the  sill/  variance  of 
the  variograms  increases  up  to  LAI=3  and  then  decreases. 
This  tendancy  is  related  to: 

-  the  illuminated  area  reflectance  decreases  with  LAI<5  and 
increases  for  LAI>5.  Variations  are  larger  than  for  the  case 
(1).  Indeed,  crown  transmitted  radiation  is  larger  than  leaf 
scattered  radiation  for  LAI<5  and  smaller  for  LAI>5.  It  is 
always  smaller  with  SKYL:=0.% 

-  reflectances  of  shaded  surfaces  decrease  strongly  with  LAI. 
Reflectances  of  tree  crowns  decrease  also.  Similarly  to  the 
case  of  illuminated  areas,  the  contribution  of  the  diffuse 
atmospheric  radiation  explains  the  slight  increase  with 
LAI>5. 

The  interval  of  variability  of  the  sill  is  more  limited  than  for 
SKYL=0%  due  to  the  reduced  difference  between  the 
reflectance  of  sunlit  and  shaded  surfaces. 


“  the  sill/variance  of  the  images  decreases  with  the  increase  of 
the  diameter,  Le.  images  become  more  homogeneous. 


-  oscillations  are  more  marked  for  smaller  0,  because  this 
corresponds  to  a  better  periodic  and  equidistribution  of  the 
illuminated  and  shaded  areas. 
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Table  1:  Illuminated,  shaded  and  crown  area  with  LAI=1  to 
10,  and  SKYL=0%  and  50%. 


Lag  (m) 

Fig.  3:  Variograms  of  simulations.  0  =  1.5/2.5/3.5/4.5m. 

Sensitivity  of  texture  (variogram)  to  LAI. 

Simulations  were  conducted  with  LAI  between  I  and  10,  and 
(1)  direct  sun  only  (SKYL=0%)  and  (2)  SKYL=50%. 

(1)  Direct  sun.  The  sill  and  the  amplitude  of  variogram 
oscillations  increase  with  LAI.  They  saturate  for  LAI>4-5: 


Fig.  4:  Variograms  of  simulations.  LAI=  1/2/3/5/10. 

In  short,  LAI  strongly  influences  image  texture.  Its  complex 
role  is  well  quantified  with  the  DART  model. 

Ill  -  Influence  of  the  viewing  configuration 


-illuminated  area  reflectance  (Table  1)  decreases  with  LAI 
increase.  Indeed,  whereas  the  1st  order  (Itl)  contribution  of 
direct  sun  radiation  is  constant  with  LAI,  multiple  order 
scattering  contribution  (Itn-Itl)  decreases  with  LAI. 

-  shaded  area  reflectance  decreases  with  LAI  increase  due  to 
the  increasing  opacity  of  tree  crowns. 

-  the  reflectance  of  tree  crowns  decreases  with  LAI  increase 
due  to  a  decrease  of  the  transmission  of  soil  reflected 
radiation  through  the  crowns. 


The  proportions  of  the  illuminated  and  shaded  areas  strongly 
influence  textural  information  through  the  geometric 
configuration  of  observation.  This  aspect  is  analysed  here  with 
images  simulated  in  the  azimuthal  plane  ((()v=50°)  with 
0v=O714.4°/3 1.2748°:  a  single  DART  simulation  produces 
these  images. 

The  along-row  variograms  allow  us  to  note  that: 

-  the  period  decreases  when  0v  increases.  Indeed,  the  space 
between  tree  rows  seems  to  decrease. 
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-  the  sill  and  oscillations  of  variograms  decrease  with  large  0v, 
i.e,  the  cover  becomes  apparently  more  homogeneous. 


Fig.  6:  Variograms  of  simulations.  ((t)v=50°,  9,-0/ 14. 4  /31.2  /48  ). 


IV  -  Influence  of  the  spatial  resolution 


Spatial  resolution  influences  a  lot  the  capability  to  retrieve 
forest  parameters  from  textural  information.  This  point  is 
analysed  with  DART  visible  simulations  at  50cm  and  1.5m 
spatial  resolutions.  Images  at  1/1. 5/2/2. 5/3m  spatial  resolutions 
were  simulated  with  block  averaging  the  0.5m  resolution  scene 
simulation  (Fig.  7).  It  appears  that: 

-  periodic  oscillations  associated  to  Ar  are  visible  up  to  2m 
spatial  resolution,  ie.  a  lower  limit  of  0  and  Ar.  If  the  size  of 
the  averaging  block  is  larger  than  the  dimension  of  scene 
objects,  averaged  pixels  come  from  different  objects  and  the 
periodic  pattern  ‘grass-tree’  disappears. 


-  sills  decrease  with  the  decrease  of  spatial  resolution.  Indeed, 
block  averaging  decreases  image  variance. 


-  oscillations  decrease  with  the  larger  homogeneity  degree  of 
images  that  arises  from  block  averaging.. 
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Fig.  8:  Variograms  of  0.5/l/1.5/2/3m  resolution  images. 


We  also  compared  the  variograms  derived  from  the  block 
averaged  1.5m  resolution  image  with  the  image  directly 
simulated  with  a  1.5m  resolution  scene  model. 


-  the  amplitude  of  the  oscillations  are  very  similar  in  spite  the 
block  average  process. 


-  the  sill  from  the  1.5m  resolution  scene  is  much  larger. 


In  fact,  block  averaged  images,  from  larger  spatial  resolution, 
are  more  comparable  to  remote  sensing  images  than  images 
simulated  directly  with  final  resolution. 


V  ■  Conclusion 

DART  images  were  compared  with  1.67m  resolution  images 
of  the  RAMI  airborne  radiometer  [4].  The  capability  of  the 
DART  model  for  simulating  reliably  (radiometry  and  texture) 
remote  sensing  images  was  well  verified.  Fig.  2  shows  the 
variogram  of  a  RAMI  image  of  a  pine  stand  with  Ar~4m. 
Although  attenuated  oscillations  appear  clearly,  similarly  to 
the  oscillations  of  the  1 .5m-2m  resolution  image  of  Fig.  7.  This 
confirms  our  theoritical  result:  2-3m  is  the  larger  spatial 
resolution  of  visible  remote  sensing  systems  for  retrieving  Ar 
from  images.  Finally,  we  stress  that  a  realistic  reflectance 
model  such  as  DART  is  a  reliable  and  practical  tool  for 
assessing  the  capability  of  remote  sensing  images  for  retrieving 
parameters  of  a  forest  plantation,  under  various  illumination 
and  viewing  configurations. 
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ABSTRACT 

Biophysical  parameter  retrie\'al  via  BRDF  inversion  over 
heterogeneous  regions  is  highly  affected  by  the  spatial 
resolution  of  the  angular  reflectance  data.  An  AVHRR 
unmixing  methodology  is  presented  v^'hich  utilizes  high 
resolution  imagery  and  a  geometrical -optical  model  inversion 
to  recover  reflectances  of  individual  land-cover  types  in 
sa\'anna  regions.  Results  of  a  sensitivity'  study  are  discussed. 

INTRODUCTION 

Inversions  of  bidirectional  reflectance  (BRDF)  models  with 
remote  sensing  data  allow  accurate  retrie\'al  of  surface 
biophysical  information  [1].  The  success  of  these  inversions 
depends  on  the  spatial,  spectral,  angular,  and  temporal 
resolution  of  the  data.  Since  most  current  BRDF  inversion 
methods  utilize  1 -dimensional  models,  surface  homogeneity 
within  an  image  pixel  is  necessarily  implied.  In  addition,  most 
inversions  require  an  angularly  diverse  set  of  data  gathered 
over  a  temporally  -  and  spatially -invariant  landcovcr.  The 
NOAA  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  is  one  of  the  few  spaceborne  sensors  capable  of 
acquiring  radiometric  data  over  a  range  of  \'ic\\  angles 
required  for  BRDF  inversions  [2].  However,  its  coarse  spatial 
resolution  (1.1-4. 3km)  often  results  in  measurements  of  mixed 
landcovers.  Our  goal  is  to  resolve  the  inconsistency  between 
the  models  and  data  by'  deconxolving  the  angular  AVHRR  data 
into  single  landcover  reflectances. 

Spectral  mixture  analysis  allows  for  sub-pixel  classification 
of  coA'er  types  (endmembers)  within  a  remotely  sensed  image, 
providing  information  on  spatial  heterogeneity  inaccessible  to 
coarse-scale  sensors  [3].  However,  unmixing  AVHRR  data  is 
tenuous  due  to  its  relatively  low  spectral  resolution  and  large 
ground  instantaneous  field-of-view.  Reference  [4]  successfully 
addressed  this  issue  by  spatially  unmixing  AVHRR  imagery’ 
0-7803-3068-4/96$5.00©1996  IEEE 


using  classified  Landsat  TM  data.  Howe\'er.  they  assumed  that 
endmembers  did  not  cause  shado\\s.  that  endmembers  \^cre 
homogeneous  at  TM  (30m)  scales  or  larger,  and  that 
endmember  reflectances  were  Lambertian.  All  of  these  factors 
are  important  for  sampling  the  surface  BRDF  in  heterogeneous 
landscapes. 

Therefore,  we  have  developed  a  technique  that  utilizes 
spectrally-unmixed  high  resolution  imagery’  and  a  geometrical- 
optical  shadow  model  to  decompose  an  AVHRR  signal  into 
multiple  land-cover  reflectances.  This  unmixing  technique  is 
specifically  planned  for  savanna-like  ecosystems.  Savannas 
co\’er  more  than  one-fourth  of  the  global  xegetated  land 
surface  [5],  and  are  principally  composed  of  a  continuous  layer 
of  grasses  with  scattered  trees  which  vary  in  density  at  high 
spatial  frequency.  In  an  effort  to  evaluate  and  monitor  changes 
in  sa\'anna  ecology’  o\'er  large  regions,  spectrally-  unmixed 
angular  reflectances  arc  required  to  retrieve  biophysical 
parameters  \’ia  BRDF  model  in\  ersions. 

MODEL  DESCRIPTION 

Our  approach  employs  a  two-step  unmixing  method.  First,  a 
high  spatial/spectral  resolution  image  is  reduced  to  component 
fractions  using  a  manual  endmember  selection  method  [3,6]. 
Endmembers  are  constructed  from  a  principal  components 
analy  sis  of  the  image  spectral  space.  This  step  captures  fine 
scale  heterogeneity  (i.e.  TM:  sub-30m)  and  has  been  showm  to 
work  well  in  tallgrass  and  woodland  landscapes  [3].  A  full 
description  of  the  high  resolution  unmixing  will  not  be 
discussed  here,  and  the  derived  high  resolution  endmember 
fractions  will  be  considered  inputs  to  the  AVHRR  unmixing 
model.  For  purposes  here,  we  consider  TM  data  as  the  high 
resolution  imagery  . 

For  savanna  ecosystems,  typical  TM  endmembers  obtained 
from  spectral  unmixing  include  tree,  grass/herbaceous,  and 
shade  fractions.  Differences  in  sun-sensor  geometry’  between 
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TM  and  AVHRR  data  result  in  different  shade  fractions 
between  images.  To  correct  the  problem,  we  use  a  geometrical- 
optical  (G-0)  canopy  shadow  model  for  vegetation  covers 
consisting  of  discrete  plant  crowns  [7].  G-0  model  input 
parameters  include  areal  densit\'  of  tree  stems  (1)^  the  ratio  of 
crown  vertical  to  horizontal  radius  ib/r)^  the  ratio  of  tree 
height  (ground  to  crown  center)  to  vertical  crown  radius  {h/b). 
view  and  solar  zenith  angles  (VZA,  SZA),  and  relative 
azimuth  angle.  The  model  computes  areal  fractions  of  sunlit 
crown,  and  sunlit  and  shaded  background. 

The  G-0  model  was  numerically  inverted  to  retrieve  the 
input  parameters  for  a  given  set  of  high  resolution  sunlit  and 
shaded  endmembers  and  sun-sensor  geometiy  .  In  savanna 
ecos}^stems,  tree  stem  density  spatially  varies  at  a  higher 
frequenc\^  than  crown  dimension  ratios,  and  these  ratios  are 
relatively  constant  amongst  dominant  savanna  tree  species 
(Northrup  and  Archer,  unpublished  data).  Thus,  b/r  and  h/b 
can  be  averaged  o\er  a  4  TM  pixel  grid  (60m  x  60m).  Each 
TM  pixel  within  this  grid  provides  2  parameters  (a  sunlit 
crown  and  shaded  background  fraction)  for  a  total  of  8  known 
parameters.  Six  unknown  parameters  for  each  grid  include  4 
tree  stem  densities  (a),  and  an  average  b^r  and  hb.  Inversion 
of  the  model  for  each  grid  is  accomplished  with  an 
optimization  routine  (E04JAF.  NAG)  which  minimizes  the 
meat  function: 

E-  =  I  f (C)  -  Cj„)-  +  {bj  -  ( 1 ) 

vvliere  c,  and  h,  arc  the  actual  sunlit  canop>  and  shade 
background  fractions,  and  Cm  and  bjm  are  the  modeled  sunlit 
canopy  and  shade  background  fractions.  The  retrieved  canopy 
parameters  (4  /.  s.  1  h'r.  and  1  h'b)  are  then  used  in  a  forward 
G-0  model  simulation,  but  with  the  appropriate  AVHRR  sun¬ 
sensor  geometry'  for  each  4-pixel  grid,  to  produce  corrected 
high  resolution  sunlit  and  shade  fractions. 

Corrected  endmember  fractions  are  then  individually 
convolved  to  the  AVHRR  spatial  resolution  using  a  2-D 
Gaussian  representation  of  the  AVHRR  point  spread  function 
(PSF)  [4],  Here,  the  Gaussian  filter  is  independently  scaled  in 
the  along-  and  across-track  directions  based  on  sensor  VZA 
and  earth  curv-ature. 

For  a  set  of  3  x  3  AVHRR  pixels,  a  system  of  equations  is 
now  constructed: 

AVHRR  p,  =  El  PSF,  •  ^  ( 1 . . .  9)  (2) 

yvhere  Wy  refers  to  the  endmember  fraction  (/)  in  TM  pixel  (/) 
yveighted  by  the  AVHRR  PSF  and  multiplied  by  endmember 
reflectance  p,.  This  sy'stem  of  equations  is  solved  for  the 
bidirectional  endmember  reflectances  (p,)  using  singular  value 
decomposition  of  the  independent  endmember  concentration 
matrix  and  the  dependent  AVHRR  pixel  reflectances  (pk). 
Thus  the  mean  reflectances  for  tree  and  grass  canopy  are 
obtained  for  a  9-pixel  AVHRR  sub-scene. 


MODEL  EVALUATION 

A  landscape  simulation  yvas  developed  to  produce  realistic 
TM  and  AVHRR  images  for  testing  the  unmixing  model.  A  1- 
D  turbid  medium  BRDF  model  based  on  the  discrete  ordinates 
solution  to  the  radiative  transport  equation  yyas  used  to 
simulate  tree  and  herbaceous  canopy  reflectance  separately  |8]. 
Input  parameters  for  the  BRDF  model  are  listed  in  Table  1 . 
Tree  and  grass  leaf  optical  properties  yvere  obtained  in  a  Te.xas 
savanna  (Texas  A&M's  La  Copita  Research  Area)  using  a 
field  spectrometer  (ASD  Inc..  Boulder.  CO)  and  integrating 
sphere.  Other  parameters  yvere  chosen  to  realistically  represent 
the  vegetation  characteristics  in  savanna  ecosystems. 

The  G-0  model  was  used  to  compute  shade  fractions  based 
on  input  tree  canopy  and  sun-sensor  geometry  parameters 
(Table  1).  Tree  canopy  characteristics  were  permitted  to 
randomly  vary  within  a  realistic  range  for  common  savanna 
tree  species.  Sunlit  tree  and  grass  areal  fractions  were 
multiplied  by  tree  and  grass  canopy  BRDF  reflectances.  The 
shadow  endmember  was  simulated  using: 

TM/  (-LAlicosiO)  /o\ 

P shade  ^ shade  Psh  ^ 

where  W  is  the  shade  fraction,  pj;,  is  the  sunlit  background 
reflectance,  and  the  tree  canopy  transmission  function  depends 
on  tree  leaf  area  index  (LAI)  and  solar  zenith  angle  (0). 

The  three  endmembers  yyere  linearly  summed  to  produce 
TM  mixed  reflectances  for  a  300  x  300  pixel  image.  Similarly. 
105  AVHRR  images,  each  yyith  a  unique  sun-sensor  geometry' 
(Table  1).  yy  ere  created  with  the  G-O  model  canopy  parameters 
used  in  creating  the  TM  image  and  the  AVHRR  PSF.  All 
simulations  were  constrained  to  the  solar  principal  plane. 

Table  1 .  BRDF  and  geometrical-optical  model  parameters 


for  savanna  landscape  simulations. 

BRDF  Parameters 

Trees 

Grasses 

RED  NIR 

Leafretlectance  0.063  0.304 

Leaf  transmittance  0.078  0.426 

I  .eaf  angle  orientation  planophile 

I  .ea f  area  index  1 . 0  -  3 . 0 

RED  NIR 

0.095  0.333 

0.059  0.458 

erectophile 

0.5 -2.0 

C'leometrical-Optical  Model  Parameters 

1'ree  density' 
b/r 

Random;  0.0  -  1.0 
Random:  0.3  -  0.7 
Random:  4.0-10.0 

image  Parameters 

GEFOV  SZA  (deg) 

VZA  (deg) 

TM 

AVFIRR 

30m  30 

1 . 1  ~4 . 3km  ( )-60;  1 5incr. 

0 

0+/-50;  Shier. 

UNMIXING  RESULTS 

The  AVHRR 

endmember  reflectances 

were  spatially 

unmixed  using  the  simulated  TM  cover  fractions,  and  the 
relative  error  between  retrieved  and  actual  endmember 
reflectances  was  calculated.  Random  Gaussian  mean-zero 
noise  was  added  in  5.  10.  and  15%  increments  to  the  TM 
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cover  fractions  to  assess  the  sensitivit>  of  our  method  to 
potential  errors  in  high  resolution  endmembers  (Table  2). 
Errors  in  the  no-noise  case  are  ver>  low  (<  1.5%)  for  all 
geometries,  cover  types,  and  wavebands,  thus  demonstrating 
the  stabiliU’  of  the  model.  Errors  increase  as  TM  endmember 
noise  increases  for  each  AVHRR  SZA. 

To  illustrate  bidirectional  reflectance  effects  that  arise  when 
coordinating  data  from  multiple  satellite  instruments,  the 
AVHRR  images  were  unmixed  using  the  TM  cover  fractions 
but  without  the  G-0  model  inversion.  Fig.  1  show^s  the  relative 
error  along  the  principal  plane  when  AVHRR  SZA  =  TM  SZA 
=  30""  (i.e.  errors  only  due  to  view  geometiyO-  Errors  are  high 
for  tree  and  herbaceous  canopy,  but  decrease  at  nadir 
(coincident  with  TM  sun-sensor  geometiyO*  in  the  extreme 
forward-  and  back-scattered  directions,  and  at  the  hotspot 
(VZA  =  -30°).  True  tree  canopy  reflectances  are  greatly 
underestimated  at  |VZA|  <35°  (excluding  nadir)  since  the 
projected  normal  area  of  sunlit  tree  canopy  and  shaded 
background  in  the  AVHRR  direction  is  incorrect,  resulting  in 
reflectances  that  are  too  high  for  shade  and  too  low'  for  tree 
cover.  The  herbaceous  layer  endmember  is  less  sensitive  since 
a  much  greater  proportion  of  any  pixel  contains  this  cover 
t>pe,  thus  dampening  small  errors  in  fractional  shade  cover. 
Errors  decrease  at  large  VZA  since  both  tree  and  shade 
projected  areas  are  low',  and  uncorrected  cover  fractions 
approach  the  corrected  values.  In  addition,  SZA  differences 
between  images  produce  even  larger  errors  in  retrieved 
endmember  reflectances  when  bidirectional  geometry'  is  not 
taken  into  account  (data  not  shown).  These  combined  factors 
are  the  focus  of  current  and  future  study. 


Table  2.  Relative  error  between  actual  and  retrieved  tree  and 


herbaceous  endmember  reflectance  with  random  noise  added 
to  TM  images.  Mean  percent  relative  error  for  all  AVHRR 
view'  angles  is  given  with  standard  deviation  in  parentheses. 


Noise 

AVHRR 

Tree 

Herbaceous  Layer 

Added 

SZA 

RED 

NIR 

RED 

NIR 

0% 

0 

0.8(0.5) 

0.3(0. 1) 

0,2(02) 

0.3(0.2) 

15 

1.4f0.7) 

0.4(0.3) 

0.4(0.3) 

0.4(0. 3) 

30 

1,1 (0,7) 

0.5(0.3) 

0.5(0.3) 

0.4(0. 3) 

45 

1, 3(1,0) 

0,7(0,5) 

0.6(0.3) 

0,6(0. 3) 

60 

1. 2(0.9) 

0.8(0.5) 

1, 0(0,4) 

1. 1(0.5) 

5  % 

0 

3,3(1,5) 

1,5(1,2) 

0.4(0.4) 

0.5(0. 4) 

15 

2.6(1. 5) 

1.8(1, 1) 

0.3(0.2) 

0.5(0.4) 

30 

2.2(1.3) 

1.4(0.9) 

0.7(0.6) 

0. 7(0.7) 

45 

4.7(2.6) 

2. 8(1. 8) 

1. 0(0.6) 

1. 2(0.8) 

60 

12.2(5.2) 

8.2(3. 7) 

3.0(1.0) 

4.()(1,4) 

io% 

0 

2.4(1.5) 

3,4(1, 2) 

0.7(0.6) 

0.9(0, 6) 

15 

36(2.6) 

3,4(2, 1) 

1. 1(0.7) 

1.0(0. 7) 

30 

3.6(2.7) 

3,4(2, 1) 

1. 1(0.7) 

1. 5(1.0) 

45 

6.6(2.7) 

4,7(2, 1) 

1. 1(0.8) 

1. 5(0.9) 

60 

13.1(4.4) 

8,7(4,4) 

1. 9(1.2) 

2.7(1.5) 

15% 

0 

5.6(3.4) 

4.6(1. 8) 

1. 8(0.8) 

1. 1(1.0) 

15 

6.1(2.4) 

4.5(1. 9) 

2.2(1.0) 

1. 0(0.8) 

30 

6.1(4.4) 

5.5(2.4) 

2. 1(0.7) 

1.2(0.8) 

45 

9.2(2.0) 

7.4(3.4) 

2. 3(0.9) 

1. 8(0.9) 

60 

16.4(4.3) 

12.2(4.0) 

2.8(1.4) 

2. 8(1.5) 

30 

25 

20 

1  1  5 

r  1  0 

2  5 

LU  0 

<D 

> 

ro  1  0 

O) 

a: 

5 


0 

-6  0  -4  0  -20  0  2  0  40  60 

VZA  (degrees) 

Fig.  1.  Comparison  of  relative  error  between  true  and  retrieved 
reflectances  without  (top)  and  with  (bottom)  G-0  model 
inversion  for  TM  and  AVHRR  SZA  =  30°.  Red  band  onh'. 
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Abstract  —  This  pq)er  shows  the  estimation  of  the  Bidirectional 
Reflectance  Distribution  Function  (BRDF)  using  the  airborne 
POLDER  image  data.  The  BRDF  is  an  intrinsic  measurement 
of  directional  properties  of  the  earth’s  surface.  The  estimation 
of  BRDF  requires  many  remote  sensing  measurements  of  a 
given  surface  target  from  different  viewing  angles.  The  airborne 
POLDER  sensor  has  a  capability  of  measuring  successively 
reflected  radiation  by  terrestrial  surfaces  in  a  framed  image  from 
different  viewing  angles  during  a  single  airplane  pass. 

In  this  study  we  have  analyzed  a  subset  of  the  airborne 
POLDER  data  over  lands  obtained  in  the  so-called  La  Crau 
campaign  conducted  by  Centre  National  d^  Etudes  Spatiales 
(CNES),  France  in  1990  by  using  the  multiple  scattering  theory. 
The  airborne  POLDER  data  is  converted  into  the  albedo  data 
by  using  our  atmospheric  correction  scheme  and  then  the 
accurate  BRDFs  for  selected  surface  covers  are  estimated.  The 
estimated  BRDFs  show  an  anisotropic  reflection  law  is  vahd 
for  vegetated  surfaces  at  850  nm  and  fitting  parameters  for 
their  BRDFs  are  presented  in  this  paper. 

INTRODUCTION 

The  Bidirectional  Reflectance  Distribution  Function 
(BRDF)  is  an  intrinsic  measurement  of  directional  properties 
of  the  earth*s  surface.  However,  it  is  difficult  to  measure  the 
BRDF  of  target  surfaces  direcdy  by  the  scanning  type  remote 
sensor.  The  estimation  of  BRDF  requires  many  remote  sensing 
measurements  of  a  given  surface  target  from  different  viewing 
angles.  In  addition,  it  is  needed  a  good  atmospheric  correction 
scheme  to  retrieve  intrinsic  informations  from  remote  sensing 
measurements. 

The  airborne  POLDER  instrument  was  built  by  Centre 
National  d'  Etudes  Spatiales  (CNES)  and  Universite  des 
Sciences  et  Technologies  de  Lille,  France  [1],[2].  We  have 
analyzed  the  airborne  POLDER  measurements  to  estimate  the 
BRDFs  [3].  The  accurate  atmospheric  correction  is  a  prerequisite 
for  such  analysis.  And  then  we  presented  the  atmospheric 
correction  algorithm  applicable  the  airborne  POLDER 
measurements,  by  using  the  multiple  scattering  theory  [3],[4]. 
In  this  study,  a  empirical  model  is  used  to  assess  the  BRDF  of 
surfaces.  Then  we  apply  our  atmospheric  correction  scheme 
fcH*  the  airborne  POLDER  measurements  and  retrieve  the  fitting 
0-7803-3068-4/96$5.00©1996  IEEE 


parameters  that  describe  the  shape  of  the  BRDFs  for  each 
surfaces. 

ATMOSPHERIC  CORRECTION  FOR 
AIRBORNE  FRAMED  IMAGE  DATA 

For  the  atmospheric  correction  of  the  airborne  remote 
sensing  measurements,  we  need  to  evaluate  the  internal 
radiation  field.  To  deal  with  the  internal  radiation  field,  let  us 
assume  an  incident  solar  flux  JtF  illuminates  a  plane  parallel 
atmosphere  from  the  direction  of  (p  ^,<1)^^,  where  p  ^  and  (|)q  are 
the  cosine  of  the  solar  zenith  angle  0^  and  the  solar  azimuth 
angle  ,  respectively.  The  earth's  atmosphere  is  divided  two 
layers  at  the  aircraft  altitude.  And  the  atmosphere  above  the 
aircraft  is  denoted  by  Layer  1  and  the  atmosphere  below  the 
aircraft  is  denoted  by  Layer  2.  Each  layer  is  assumed  to  be 
horizontally  homogeneous  atmosphere,  respectively.  In  this 
study  land  surfaces  are  assumed  to  be  characterized  by  a  target 
albedo  A^,  and  a  mean  backgroimd  albedo  ^4 .  And  Lambert's 
low  is  assumed  for  surface  reflection.  Let  the  atmospheric 
optical  thickness,  reflection  and  transmission  functions  of 
Layer  1  be  T^,  Rj  and  T^,  respectively.  Similarly,  let  those  of 
Layer  2  be  tj,  Rj  and  T2,  respectively.  The  internal  radiance 
at  POLDER  aircraft  level  in  the  direction  of  (p  ,  can  be 
written  as  (1),  in  terms  of  the  upwelling  diffuse  radiation  U  at 
the  aircraft  altitude. 

For  given  atmospheric  parameters,  such  as  the  optical 
thickness,  single  scattering  albedo  and  the  turbidity  factor  of 
the  atmospheric  layers,  we  can  compute  U  by  using  the 
doubling  and  adding  method  [5].  Computing  U  in  terms  of  Rj, 
Tj ,  R2  and  T2  and  ^  were  given  by  kawata  et  al.  [4]. 

Considering  a  single  reflection  by  a  target  with  an  albedo 
of  A,  and  up  to  double  reflections  by  the  background  with  a 
mean  albedo  of  ^  ,  the  internal  radiance  can  be  expressed 
q>proximately  in  terms  of  A^  and  by  (2), 

4  =  (S  •  A + +  (P-*)  A*  +  A  + 

where  p,  q,  r,  s  and  t  are  radiance  coefficients.  Then,  the  mean 
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internal  radiance  can  be  given  by  assuming  ^  in  (2) 
as  follows, 

4  =PA^ +‘1A +r.  (3) 

These  radiance  coefficients  can  be  expressed  in  terms  of  ,  Tj 
,  and  and  computed  by  the  doubling  and  adding  method 
for  each  pixel  in  a  framed  image.  However,  they  can  be 
computed  wifliout  difficulty  by  applying  a  least  square  method 
in  (2)  -  (3),  using  pre-computed  values  of  7^  and  for  various 
values  of  ^  and  from  (1).  In  this  study  we  used  the  latter 
approach  to  compute  them. 

AIRBORNE  POLDER  DATA  ANALYSIS 

The  airborne  POLDER  sensor  measures  successively  the 
reflected  radiation  by  terrestrial  surfaces  in  a  framed  image 
form.  The  angular  coverage  of  the  POLDER  is  ±5r  in  the 
cross-track  direction  and  ±4V  in  the  along-track  direction. 
Several  airborne  POLDER  measurements  over  lands  and  seas 
have  been  made  since  1990  in  France  and  other  countries.  The 
La  Crau  campaign  was  conducted  in  the  southeast  of  France  on 
June  17  by  ONES  [2].  In  this  paper  we  have  analyzed  a  subset 
of  a  large  La  Crau  data  set.  Our  data  consists  of  55  sequential 
framed  images.  Both  the  reflectance  and  polarization  data  at 
550  nm,  650  nm  and  850  nm  were  included,  and  only  the 
reflectance  data  were  used  to  yield  the  directional  reflectance 
properties  of  the  land  siufaces. 

Atmospheric  model  in  this  study 

The  estimation  of  the  surface  albedos  requires  information 
on  atmospheric  parameters  at  the  time  of  the  observation.  In  La 
Crau  campaign,  the  air  -  truth  data,  such  as  aerosol  optical 
thickness,  the  refractive  index  of  aerosols  and  the  aerosol  size 
distribution,  were  measmed  before  and  during  the  airborne 
flight  [2],  We  adopted  these  data  in  our  atmospheric 
correction.  Because  values  of  the  molecidar  optical  thickness 
were  not  given  in  [2],  we  adopted  the  optical  thickness  values 
based  on  the  standard  model  atmosphere  of  Lowtran6 
(Midlatitude,  Spring  -  Summer  model)  [6].  Since  we  found  the 
slope  of  the  observed  size  distribution  is  similar  to  that  of 
lunge  type  aerosol  model  with  v=  3,  we  adopted  Junge  type 
aerosol  with  v  =  3  as  an  appropriate  aerosol  model.  And  the 
aerosol  model  is  given  by  (4), 

n(r)  =  C*  10  ^  for  0.02pm  ^  r  ^0. 1pm 

n(r)  =  Cr'^"^^^  for  0.1pm  ^r^lOpm  (4) 

n(r)  =  0  for  r  <  0.02pm  and  r  >  10pm, 

where  n(r)  is  the  number  of  particles  of  radius  r  per  imit 
increment  in  radius  r.  The  optical  parameters  in  our 
atmospheric  model  are  listed  in  Table  1. 


Estimation  of  BRDFs  at  550  nm 

In  this  study  we  selected  22  target  areas  (each  consisting 
of  5  X  5  pixels)  which  are  identified  by  consulting  the  local 
geographic  map  with  a  scale  of  1/25,000.  The  theoretical 
reflectance  curve  in  the  principal  plane  is  presented  for  the 
atmospheric  model  with  a  Lambertian  surface  of  =  0. 15  and 
^  =  0. 15  in  Fig.  1 ,  together  with  observed  reflectance  value  of 
"Fores tOl”  and  "Rice  FieldOl".  The  reflectance  is  defined  as 
(jt/^  /  p  ^JtF  =  7„  /  p  qF).  Positive  and  negative  signs  in  the 
zenith  viewing  angle  correspond  to  cases  of  the  surface 
reflection  occurred  in  the  backward  and  forward  scattering 
directions,  respectively.  In  Fig.l  we  found  a  good  between 
theoretical  and  observed  reflectance  values.  This  suggests  that 
the  assumption  of  Lambert's  law  for  the  these  covers  is 
acceptable  at  550  nm. 

Estimation  of  BRDFs  at  850  nm 

In  a  similar  manner  at  550  nm,  we  estimated  the  surface 
BRDF  for  "ForestOl”  at  850  nm.  "ForestOl"  is  one  of 
vegetated  surface  covers.  However,  The  Lambertian 
assumption  was  not  acceptable  for  that  target  in  the 
backscattering  direction.  Then  a  empirical  BRDF  model  was 
introduced  for  surface  covers.  Empirical  models  of  the  BRDF 
of  a  surface  cover  do  not  dependent  on  physical  parameters, 
but  instead  characterize  the  shape  of  the  BRDF  function  using 
fitting  parameters.  In  this  study,  we  adopted  a  empirical  model 
proposed  by  Deuz6  et  al.  [2].  This  model  is  expressed  by  the 
sum  of  an  isotropic  contribution,  a  function  accounting  for  the 
brightening  to  the  limb  viewing  (c7),  and  a  function 
accounting  for  the  maximum  in  the  sun's  direction  (c2). 

A=K+ ’  (-5) 

where , 

c  =  1  - 

C2=[Min(O,cos0]2-l, 

and  is  the  model  albedo,  0is  a  scattering  angle.  The 
coefficients  kj  and  are  obtained  with  a  least  square  fit  on 
estimated  target  albedo  values  for  different  viewing  angles. 
Table  2  shows  the  result  of  the  empirical  model  fitting  against 
each  surface  cover. 

Fig.2  shows  simulated  reflectance  curves  in  the  principal 
plane  for  "ForestOl”  by  assuming  the  atmosphere  with  the 
model  fitted  BRDF.  At  850  nm  the  observed  reflectance 
increase  in  the  backscattering  direction  (hot  spot)  are 
approximately  reproduced  by  the  simulations,  allowing  for  a 
systematic  bias  by  about  10  %.  In  the  adding  and  doubling 
method  we  assumed  a  homogeneous  surface  layer  with  the 
same  model  fitted  BRDF.  Thus  the  bias  may  originate  from  our 
assumption  in  dealing  with  the  bottom  surface  layer. 
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CONCLUSIONS 


In  this  paper,  the  BRDFs  for  selected  land  covers  was 
found  by  using  the  airborne  POLDER  image  data.  The  main 
results  in  this  study  can  be  summarized  as  follows: 

1)  We  estimated  the  BRDFs  by  using  successive  albedo 
images  at  550  nm  and  850  nm.  The  BRDFs  for  vegetated 
surfaces  showed  non-Lambertian  reflection  at  850  nm,  while 
the  assumption  of  Lambertian  surface  was  generally  valid  at 
550  nm.  And  then  empirical  fitting  parameters  were  given  for 
vegetated  surfaces  at  850  nm. 

2)  Then,  studies  on  physical  BRDF  models  for  vegetated 
surfaces  are  necessary  to  understand  fully  reflection 
characteristics  by  vegetations.  The  airborne  (spacebome) 
POLDER  measurements  over  lands  will  be  increasingly 
important  for  such  studies. 
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Table  1.  Optical  Parameters  in  the  Atmospheric  Model 


Bandfmn] 

total 

CO 

fr 

550 

Layer 1 
Layer2 

0.092 

0.434 

0.711 

0.951 

0.699 

0,121 

650 

Layerl 

Layer2 

0.058 

0.309 

0.643 

0.931 

0.618 

0.088 

850 

Layerl 

Layer2 

0.018 

0.234 

0.942 

0.814 

0.422 

0.045 

T  is  the  total  optical  thickness,  co  is  the  scattering  albedo  of  the 
atmosphere,  and  f  is  molecule  gas  -  aerosol  mixing  ration  for  each 
layer. 


Viewing  angle  in  the  principal  plane 

Fig.  1  The  reflectance  variation  at  550  nm  against  the  zenith  viewing 
angle  in  the  principal  plane  for  vegetated  surface  covers("Forest0r 
and  "Rice  FieldOl").  The  "O"  represents,  the  observed  reflectance. 
Lambertian  surface  of  =  0.15  and  ^  =0.15  is  assumed.  The 
incident  solar  zenith  angle  8Q=43“is  alos  assumed. 


Viewing  angle  in  the  principal  plane 


Fig. 2  The  same  as  Fig.l,  except  for  "ForestOl"  and  at  850  nm.  The 
simulated  reflectance  based  on  an  anisotropic  surface  reflection  (the 
model  fitted  BRDF)  corrected  for  a  10%  bias  is  also  assumed 


Table  2.  Result  of  the  Model  Fitting 

against  the  Target  Observations 


Surface 

Nobs 

*2 

RMS 

RiverOl 

13 

0.179 

-0,070  0.002 

0.015 

0.038 

River02 

13 

0.191 

-0.114  -0.010 

0.020 

0.158 

PondOl 

16 

0.188 

-0.126  -0.010  0.019 

0.227 

Pond02 

12 

0.229 

-0.204  0.004  0.030 

0.094 

CityOl 

15 

0.294 

0.454  0.197  0.010 

0,958 

City02 

18 

0.376 

0.343  0.150  0.011 

0.915 

RoadOl 

17 

0.414 

0.206  0.156 

0.014 

0.850 

Road02 

12 

0.276 

0.335  0.097 

0.006 

0.954 

RiceFieldOl 

15 

0.537 

0.278  0.096 

0.023 

0.554 

RiceField02 

17 

0.422 

0.970  0.095 

0.018 

0.884 

RiceField03 

16 

0,674 

0.530  0.188 

0.025 

0.797 

ForestOl 

14 

0.392 

0.808  0.201 

0.017 

0.939 

Forest02 

19 

0.407 

0.301  0.147 

0.010 

0.932 

Forest03 

19 

0.350 

0.471  0.192 

0.045 

0.635 

OrchardOl 

17 

0.310 

0.812  0.190 

0.031 

0.795 

Orchard02 

13 

0.365 

0.309  0.123 

0.031 

0.492 

Orchard03 

19 

0.377 

0.455  0.184 

0.017 

0.902 

\1neyard01 

7 

0.443 

0.304  0.139 

0.004 

0.967 

Vineyard02 

9 

0.295 

0.661  0.210 

0.011 

0.950 

\^neyard03 

18 

0,522 

0.312  0.186 

0.017 

0.915 

MarshOl 

18 

0.295 

0.211  0.047 

0.008 

0.356 

Marsh02 

8 

0.088 

0.682  0.185 

0.007 

0.954 

"Surface"  gives  the  target  surface  type.  N^^^  is  the  number  of 
reflectance  data  used  for  the  fit.  and  are  the  retrieved  model’s 
fitting  parameters.  RMS  is  a  root  mean  square  difference  between  the 
estimated  albedo  and  modeled  albedo  at  850  nm.  R^  is  the 
ditermination  coefficient. 
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Abstract-Increasing  emphasis  on  global  monitoring  makes  glo¬ 
bal  modeling  of  bidirectional  reflectance  of  vegetation  an  im¬ 
portant  issue.  We  study  four  linear  kernel-driven  semiempiiical 
models  for  use  in  operational  production  of  the  BRDF/albedo 
product  for  the  Moderate  Resolution  Imaging  Spectroradiome- 
ter  (MODIS)  instrument  of  NASA’ s  Earth  ObsCTving  System 
(EOS).  In  this  paper,  we  use  a  variety  of  multiple  angle  surface 
reflectance  data  sets  from  field  and  airborne  measurements  to 
evaluate  these  models.  The  results  show  that  our  semiempiri- 
cal  BRDF  models  provide  a  good  mathematical  description  of 
the  bidirectional  reflectance  of  the  land  covers  tested. 


et  al.  [2]  the  Ross-thin,  Li-sparse  and  Li-dense  kernels.  For 
the  MODIS/BRDF  product  [4],  we  employ  four  models,  Ross- 
thin-Li-sparse,  Ross-thin-Li-dense,  Ross-thick-Li-sparse  and 
Ross-thick-Li-dense,  based  on  these  kernels. 

Like  all  linear  models,  these  four  models  can  be  inverted  an¬ 
alytically  through  matrix  inversion,  avoiding  costly  numerical 
inversion  problems.  For  a  given  data  set  in  a  specific  band,  a 
set  of  model  parameters  is  so  selected  that 


E 


i^Robsj  Rmodelj)!^ 


(1) 


INTRODUCTION 

With  the  development  and  wide  use  of  coarse  and  medium- 
resolution  multiangle  sensors  especially  in  global  monitoring, 
the  analysis  of  the  BRDF  (Bidirectional  Reflectance  Distribu¬ 
tion  Function)  of  each  pixel  in  a  remotely  sensed  image  be¬ 
comes  more  and  more  important.  It  can  be  used  not  only  to 
compare  observations  obtained  at  different  angles  or  standard¬ 
ize  observations  to  a  common  geometric  situation,  but  also 
to  provide  surface  physical  parameters  and  the  boundary  con¬ 
dition  for  the  atmosphere-earth  system.  Linear  kernel-driven 
semiempirical  models  based  on  physical  models  were  devel¬ 
oped  [1,2]  to  meet  the  needs  of  global  modeling  of  bidirec¬ 
tional  reflectance.  Rahman  et  al.  [3]  developed  a  semiempir¬ 
ical  model  of  another  type.  These  models  can  be  applied  to 
inhomogeneous  land  covers  and  are  readily  invertable,  making 
them  suitable  for  low  and  moderate  spatial-resolution  remote 
sensing. 

KERNEL-DRIVEN  SEMIEMPIRICAL  MODELS 

Kernel-driven  semiempirical  models  describe  the  BRDF  as 
a  linear  superposition  of  a  set  of  kernels  that  describe  basic 
BRDF  shapes.  These  kernels  are  derived  from  physical  mod¬ 
els,  thus  providing  a  physical  basis  to  the  retrievals.  The  coef¬ 
ficient  given  to  each  kernel  is  determined  empirically  by  fitting 
to  a  specific  set  of  observed  reflectances.  Thus  it  is  the  weights 
of  the  physically-based  kernels  that  are  retrieved,  not  a  set  of 
physical  parameters  as  in  physical  models.  Linear  BRDF  mod¬ 
els  scale  linearly  in  space  if  adjacency  effects  are  assumed  to 
be  small,  which  allows  for  mixed  pixel  cases.  This  advantage 
is  especially  important  in  global  processing.  Roujean  et  al. 
[1]  derived  the  Ross-thick  and  Roujean  kernels,  and  Wanner 


is  minimal.  Here,  N  is  the  number  of  observation,  Wj  is  a 
weight  which  determines  the  contribution  of  each  measure¬ 
ment  to  the  model  inversion,  and  R  is  reflectance.  Two  popular 
values  for  Wj  are  1  and  At  present,  we  set  the  weight  Wj 
at  1. 

VALIDATION  OF  THE  MODELS 

We  use  Kimes*  data  [5,6,7],  Ranson*s  soybean  data  [8],  soil 
data  from  the  BRDF  Information  System  [9],  PARABOLA 
data  from  a  boreal  forest  [10],  FIFE  data  [11]  and  POLDER 
data  to  perform  the  validation  of  the  kernel-driven  semiempir¬ 
ical  models.  These  data  sets  include  a  large  variety  of  land 
cover  types  with  various  coverage  and  leaf  area  indices. 

To  evaluate  the  4  models,  we  firstly  use  them  to  fit  all  data 
sets  and  to  calculate  the  root  mean  square  error  (RMSE)  be¬ 
tween  the  predicted  and  observed  values  based  on  all  available 
bands.  The  results  show  that  all  data  sets  are  fit  well  by  at 
least  one  of  the  models.  As  anticipated,  in  a  number  of  cases 
different  land  cover  types  prefer  different  models.  For  exam¬ 
ple,  bare  soil  and  sparse  vegetation  are  fitted  better  by  models 
with  the  Li-sparse  kernel  than  those  with  the  Li-dense  kernel. 
For  thick  vegetation  canopies,  such  as  orchard  grass  and  irri¬ 
gated  wheat  (Kimes  data),  volume  scattering  is  dominant.  Thus 
the  selection  of  Li-sparse  and  Li-dense  kernels  in  these  models 
does  not  make  much  difference.  But  the  models  containing  the 
Ross-thick  kernel  fit  better  than  those  with  the  Ross-thin  ker¬ 
nel.  A  dense  forest  canopy,  such  as  hardwood  (Kimes  data), 
is  fitted  better  by  models  containing  the  Li-dense  kernel  than 
those  with  the  Li-sparse  kernel,  because  the  Li-dense  kernel 
can  model  the  shadow  overlapping  mechanism  which  deter¬ 
mines  the  bidirectional  reflectance  of  dense  crown  canopies. 
So  the  relative  RMSE  of  each  of  the  four  models  can  indicate 
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some  characteristics  of  the  observed  surface. 

Secondly,  we  select  the  best-fit  model  based  on  the  RMSE 
for  every  data  set  and  calculate  the  correlation  coefficient  be¬ 
tween  the  modeled  and  the  measured  values.  For  most  data 
sets,  the  correlation  coefficient  is  over  0.8  and  the  RMSE  is 
smaller  than  0.043,  which  indicates  a  reasonable  agreement 
between  the  modeled  and  observed  values.  Fig.  1  shows  the 
reflectances  in  the  principal  plane  in  the  NIR  for  some  land 
covers,  where  the  points  represent  the  measured  data  and  the 
solid  lines  are  the  modeled  data.  These  data  sets  have  hotspots, 
as  for  field  and  wheat,  and  bowl  sh^s,  such  as  hardwood, 
demonstrating  that  the  models  can  fit  hotspots  and  bowl  shapes 
well. 

Lastly,  we  compare  the  best-fit  model  for  every  data  set  with 
other  semiempirical  models,  such  as  Roujean’s  model  [1]  and 
Rahman’s  model  [3].  In  Fig.l,  dashed  lines  are  for  Roujean’s 
model  and  the  dash-dotted  lines  for  the  Rahman  model.  From 
the  plots,  we  can  note  that  our  models  fit  better  than  the  other 
models,  especially  for  the  dense  hardwood  canopy. 

CONCLUSION 

In  this  paper,  we  evaluated  the  ability  of  linear  kernel-driven 
semiempirical  models  developed  for  use  with  MODIS/MISR 
data  to  provide  adequate  mathematical  descriptions  of  the  aniso¬ 
tropic  reflectance  of  a  variety  of  natural  surfaces.  The  results 
show:  1)  different  land  cover  types  prefer  different  models; 
2)  our  models  can  fit  a  large  variety  of  vegetation  canopies 
well  and  they  fit  better  than  other  semiempirical  models,  es¬ 
pecially  for  dense  forest  canopies.  This  is  partially  due  to  the 
fact  that  they  are  based  on  ellipsoidal  crown  shapes  and  the 
shadow  overlapping  mechanism  is  modeled  realistically.  The 
fit  quality  can  presumably  be  further  improved  by  reducing  the 
effect  of  outlier  data  on  the  inversion  results  by  giving  the  ap¬ 
propriate  Wj  in  (1),  and  by  considering  more  realistic  multiple 
scattering  in  the  models. 
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Fig.l  The  BRDF  on  the  Principal  Plane  in  the  near  infrared  band  for  selected  Kimes  data  (szn=sun  zenith  angle) 
dot:  observations;  solid  line:  best-fit  kernel-driven  model  dashed:  Roujean  model;  dash-dotted:  Rahman  model 
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Abstract  -  During  September-October  in  1995,  the 
Environmental  Technology  Laboratory  (ETL)  conducted  the 
Coastal  Oceans  Probing  Experiment  COPE  off  the  Oregon 
coast.  During  this  experiment,  a  5-mm  scanning  radiometer 
was  deployed  on  a  research  vessel.  In  this  report,  a  summary  of 
the  obtained  results  is  presented. 


METHOD 

The  60  GHz  radiometer  is  designed  for  precise,  continuous 
measurements  of  air-water  temperature  difference  and  for 
recovery  of  air  temperature  profiles  (h  =  0-300  m  ).  This 
device  was  first  used  from  a  research  vessel  during  the  Joint 
US-Russia  Internal  Waves  Experiment  (JUSREX)  in  July  1992 
[1]. 

The  main  idea  of  the  technique  is  to  measure  oceanic  and 
atmospheric  emission  in  a  wavelength  band  that  exhibits 
relatively  high  atmospheric  attenuation.  In  this  case,  the 
radiation  in  the  horizontal  direction  can  be  used  as  a  reference 
level  since  the  brightness  temperature  is  nearly  equal  to  the  air 
temperature  at  the  measurement  height.  Radiometric 
measurements  are  made  in  a  scanning  mode  and  the  radiometer 
measures  brightness  temperature  relative  to  the  air  temperature. 

The  radiometer  is  a  total  power  system  with  automatic 
compensation  of  the  direct  current  in  the  output  signal  (a 
compensation- type  radiometer).  No  additional  modulation, 
except  for  the  antenna  beam  rotation,  is  done  in  the  radiometer. 
The  scanning  mirror  of  the  radiometer  rotates  at  1.3  Hz. 

We  used  radiometric  measurements  at  wavelengths  in  the  5- 
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mm  oxygen  absorption  band.  This  wavelength  band  is  usually 
employed  for  recovery  of  atmospheric  temperature  profiles 
[2,3].  The  same  technique  can  be  used  at  infrared  or  short 
millimeter  wavelengths.  The  COPE  data  presented  below  have 
confirmed  that  the  technique  recovers  air- water  temperature 
difference  to  an  accuracy  of  about  0.1  K  (or  5-7%)  and  can 
provide  long,  continuous  observations.  It  is  simple  and  can  be 
used  not  only  from  a  ship  but  also  from  low-altitude  airborne 
platforms. 

In  addition  to  the  water-air  temperature  difference,  the  same 
measurements  provide  information  about  air  temperature 
profiles  in  the  lower  atmosphere.  Thus,  it  is  possible  to 
compare  different  parameters  that  are  related  to  heat  and 
momentum  fluxes  and  to  check  predictions  of  surface  layer 
models.  We  suggest  that  the  proposed  technique  could  be 
deployed  widely  in  the  investigation  of  ocean  -  atmosphere 
interactions. 


MEASUREMENT  TECHNIQUE  AND  CALIBRATION 

During  COPE,  5-mm  radiometric  measurements  were 
performed  with  an  instrument  slightly  modified  from  the  one 
used  during  JUSREX.  First,  the  local  oscillator  in  the 
radiometer  was  shifted  to  a  higher  frequency.  The  total  band 
was  estimated  as  58.5  -  62.5  GHz.  Note  that  this  shift  of  central 
frequency  does  not  change  the  ocean  skin  depth,  which  is  still 
0.3  mm.  Next,  the  polarization  of  the  radiometer  was  changed. 
During  COPE  the  antenna  received  horizontal  polarization  (in 
JUSREX  -  vertical  polarization).  Near  nadir,  the  water  surface 
was  observed  at  vertical  polarization,  at  grazing  angles,  at 
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horizontal  polarization.  Such  an  installation  provides  better 
agreement  between  air  temperature  and  brightness  temperature 
in  the  horizontal  direction. 

The  calibration  of  the  radiometer  output  and  antenna  beam 
orientation  was  performed  before  COPE  on  the  Boulder 
Atmospheric  Observatory  research  tower  during  August  18-19, 
1995.  Scale  calibration  was  performed  from  five  different  tower 
altitudes:  10,  50,  100,  200,  and  300  m.  Radiometric 
measurements  were  accompanied  by  radiosonde  measurements 
and  direct  measurement  of  air  temperature  from  sensors  on  the 
tower  platform.  Comparisons  between  calculated  and  measured 
brightness  temperatures  were  used  for  the  determination  of 
calibration  coefficients. 


RESULTS  OBTAINED  FROM  R/V  FLIP 

The  5 -mm  radiometer  was  mounted  on  the  south  side  of  the 
port  boom  at  a  distance  about  10  m  from  FLoating  Instrument 
Platforms's  main  structure.  The  altitude  of  the  radiometer 
relative  to  the  water  surface  was  about  6  m.  On  the  same  boom 
were  located  the  flux  packages  of  Chris  Fairall  (ETL/NOAA). 

Preliminary  retrievals  of  air- water  temperature  were  based  on 
the  brightness  temperature  measurements  at  angles  48-57  degree 
from  nadir  and  with  an  averaging  time  of  12  min.  During  COPE, 
both  stable  and  unstable  conditions  were  encountered.  These 
conditions  were  simultaneously  observed  by  both  radiometric 
(see  Fig.  la)  and  in  situ  instruments  (Fig.  lb).  We  consider  the 
common  agreement  between  in  situ  and  5 -mm  data  as  very 
good. 

Fig.  Ic  presents  the  air  temperature  gradient  from  10  to  50 
m  retrieved  from  the  upper  part  of  the  radiometric  scan.  In 
general,  our  data  allow  us  to  retrieve  the  air  temperature  profile 
in  the  layer  0-200  meter  and  this  part  of  analysis  will  be 
performed  soon.  Note  that  the  air  temperature  gradient  has  good 
correlation  with  air-water  temperatures  derived  from  the  down¬ 
looking  part  of  5-mm  measurements  (Fig.  la)  and  with  in  situ 
measurements  (Fig.  lb).  We  used  an  averaging  time  of  12  min 
to  provide  about  the  same  time  resolution  as  the  in  situ 
measurements.  Next,  we  averaged  data  for  36.29  seconds.  Fig. 
2  shows  an  example  of  air-water  temperature  difference 
obtained  at  the  higher  time  resolution.  This  example  indicates 
that  the  the  variance  of  the  air- water  temperature  difference  is 
large  under  stable  atmospheric  conditions  (at  least  during 
COPE).  During  COPE,  the  wind  flow  from  shore  to  FLIP 
occurred  during  periods  of  stable  stratification.  The  same 
conclusion  can  be  made  from  all  available  data.  Fig.  3a  and  Fig 
3b  show  power  spectral  density  under  unstable  and  stable 


conditions  calculated  from  high  resolution  data  set.  We  have 
used  the  Julian  Day  time  intervals  261.6  -  263.3(  Fig.3a)  and 
263.8  -  265.5  (Fig.3b).  Each  spectrum  was  calculated  using  a 
10.3  h  data  set. 

SUMMARY 

Our  5-mm  radiometer  operated  continuously  about  12  days 
during  COPE.  The  retrieval  of  air- water  temperature  difference 
was  performed  for  two  averaging  times:  12  min  and  36  sec.  The 
results  are  in  good  agreement  with  in  situ  measurements.  It  was 
also  noted  that  measurements  of  downwelling  radiation 
(brightness  temperature  above  horizon)  predict  the  same  sign  of 
stability  as  analysis  based  on  upwelling  radiation  (sea  surface 
brightness  temperature). 

The  results  indicate  that  the  variability  of  air-water 
temperature  difference  in  time  increases  during  stable 
atmospheric  conditions 
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Fig.  1.  Water-air  temperature  difference  retrieved  from  5-mm 
radiometric  measurements  (a)  and  in  situ  measurements(b). 
Radiometrically-retrieved  air  temperature  gradient  from  10 
to  50  m  (c). 


Fig.  2.  Time  series  of  radiometrically-retrieved  water-air 
temperature  difference  obtained  every  36  seconds 


radiometrically-measured  water-air  temperature 
difference,  ‘a’  -  unstable  conditions,  ‘b’  -  stable 
conditions. 
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Abstract  —  The  operation  and  calibration  of  the  ARM 
microwave  radiometers  is  summarized.  Measured  radiometric 
brighmess  temperatures  are  compared  with  calculations  based 
on  the  model  of  [1]  using  co-located  radiosondes. 
Comparisons  of  precipitable  water  vapor  retrieved  from  the 
radiometer  with  integrated  soundings  and  co-located  GPS 
retrievals  are  presented.  The  three  water  vapor  sensing 
systems  are  shown  to  agree  to  within  about  1  mm. 

INTRODUCTION 

In  order  to  quantify  the  spatial  and  temporal  variations  of 
water  vapor  and  clouds,  the  U.  S.  Department  of  Energy's 
Atmospheric  Radiation  Measurement  (ARM)  Program  has 
deployed  five  dual-frequency  microwave  water  radiometers  at 
its  Cloud  and  Radiation  Testbed  (CART)  in  Oklahoma  and 
Kansas,  as  illustrated  by  the  map  in  Fig.  1. 

The  microwave  radiometers  are  used  to  derive  the  integrated 
("precipitable")  amount  of  water  vapor  and  cloud  liquid  water 
overhead  of  the  instrument  as  defined  by 

PWV  =  jpyiz)dz  (1) 

LWP  =  jw(z)dz  (2) 

where  pv{z)  is  the  vertical  distribution  of  water  vapor  density 
and  w(z)  is  the  vertical  distribution  of  cloud  liquid  water 
content.  It  is  common  practice  to  normalize  these  by  the 


Fig.  1.  The  ARM  Cloud  and  Radiation  Testbed  (CART).  Filled 
circles  indicate  the  locations  of  the  CART  Boundary  Facilities 
plus  the  Central  Facility  near  Lament,  OK.  Microwave 
radiometers  and  balloon-borne  sounding  systems  are  co-located 
at  each  of  these  facilities;  NOAA  wind  profilers  and  GPS  receivers 
are  located  within  a  few  kilometers.  Open  circles  indicate  the 
locations  of  additional  NOAA  wind  profilers  at  Haviland  and 
Neodesha,  KS. 


^The  Pacific  Northwest  National  Laboratory  is  operated  for  the  U.  S.  Department  of  Energy  by  Battelle  Memorial  Institute 
under  Contract  DE-AC06-76RLO  1830. 
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nominal  density  of  liquid  water,  10^  g/m^,  and  to  express 
precipitable  water  ws^por  or  PWV  in  centimeters  and  the  liquid 
water  path  or  LWP  in  millimeters. 

THE  MICROWAVE  RADIOMETERS 

The  microwave  water  radiometers  (MWRs)  that  ARM  has 
deployed  are  Radiometrics^^  model  WVR-llOO.  These 
instruments  have  a  vapor-sensing  channel  at  23.8  GHz  and  a 
liquid-sensing  channel  at  31.4  GHz.  The  instruments  use  a 
common  antenna  and  waveguide  for  both  channels  with 
individual  Gunn  diode  oscillators  for  each  frequency. 
Consequently  the  beamwidths  are  unequal:  5.5®  at  23.8  GHz 
and  4.6®  at  31.4  GHz. 

Radiometric  Measurements 

At  the  beginning  of  each  20-second  observing  cycle  the 
radiometer  first  measures  the  microwave  sky  signal  Vgky  at 
each  frequency  for  a  1 -second  integration  period.  Its  elevation 
mirror  is  then  rotated  to  measure  the  signal  from  an  internal 
blackbody  target  Vref.  The  target  temperature  Tj-ef  is  also 
measured.  The  signals  are  converted  to  a  sky  brightness 
temperature  Tb  using  the  radiometer  equation 

T,=x[t^+G{V^-V^)]  +  (1-X)T,^  (3) 

where  the  factor  X  =  l+e  accounts  for  the  contribution  of  the 
Teflon™  foam  window  that  protects  the  mirror.  While 
viewing  the  blackbody  target  a  noise  injection  source  is 
energized  and  the  corresponding  signal  Vref+n  measured  at 
each  frequency.  The  instantaneous  gain  G  is  then  determined 
according  to 

G=Ar,/(y^„-F,^)  (4) 

where  ATn  is  determined  by  prior  calibration.  The 
instantaneous  gain  is  then  low-pass  filtered  to  yield  the 
central  tendency  G. 

Calibration 

Calibration  of  the  noise  injection  is  achieved  using 
"tipping  curves”  [2].  Using  the  true  zenith  brightness 
temperature  from  each  tipping  curve,  (3)  and  (4)  are  combined 
and  solved  for  ATn.  We  use  ten  angles  on  both  sides  of 
zenith  (cosec(elev)  =  1,  1.5,  2,  2.5,  3)  and  reject  tips  for 
which  the  correlation  coefficient  of  the  fit  is  less  than  0.998. 
We  can  acquire  a  tip  curve  every  60  seconds;  we  typically 
acquire  about  1000  tips  in  a  calibration  period.  We  use  a 
robust  fitting  scheme  to  regress  ATn  on  Tref  to  account  for  a 
slight  dependence  on  ambient  temperature.  The  calibration  of 
S/N  10  in  effect  5  January  -  12  September  1995  differed  by 
less  than  1%  from  that  in  effect  12  September  -  30  November 
1995. 


COMPARISON  WITH  RADIOSONDES  AND  GPS 

In  Fig.  2  we  compare  brightness  temperatures  measured 
with  MWR  S/N  10  against  those  calculated  using  co-located 
radiosondes  and  a  radiation  transfer  model  [3]  based  on  the 
microwave  absorption  model  of  [1].  ARM  uses  Vaisala 
Balloon-Borne  Sounding  Systems  (BBSS)  and  RS-80 
radiosondes  with  H-Humicap®  relative  humidity  sensors. 
The  MWR  Tb  values  are  40-ntinute  averages  centered  on  the 
time  of  sonde  launch. 

To  assure  a  valid  comparison  we  included  only  those  cases 
for  which  the  40-minute  standard  deviation  of  Tb  was  less 
than  0.3  K  in  the  liquid  sensing  channel  (clear  sky)  and  less 
than  0.35  K  in  the  vapor  channel  (homogeneous  sky).  These 
values  are  twice  the  RMS  noise  level  of  the  instrument.  As 


Fig. 2.  Model-calculated  and  measured  brightness  temperatures  at 

(a)  23.8  GHz  and  (b)  31.4  GHz.  The  regressions  ( - )  apply  to 

the  period  5  Jan-12  Sep  1995  (•).  (o)  indicate  the  period  12  Sep- 
30  Nov  1995.  Incorrectly  calibrated  radiosondes  are  also 
indicated  (+). 
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shown  in  Fig.  2  we  identified  many  soundings  for  which  the 
manufacturer's  calibration  t^peared  incorrect;  this  finding  was 
later  confirmed  by  Vaisala. 

We  use  a  statistical  retrieval  [4]  to  obtain  the  precipitable 
water  vapor  (PWV)  and  liquid  water  path  (LWP)  from  the 
measured  brightness  temperatures.  Because  the  retrieval  is 
based  on  the  radiation  transfer  model  [3],  we  must  apply  the 
regression  of  modeled  Tb  on  measured  Tb  as  a  correction  or 
tuning  function  to  the  measured  Tb  values  in  order  to  obtain 
accurate  estimates  of  PWV  and  LWP  with  the  retrieval. 

A  histogram  of  LWP  for  cases  where  the  standard  deviation 
of  the  liquid  sensing  channel  was  less  than  0.3  K  (i.e.  "clear 
sky")  is  presented  in  Fig.  3.  This  indicates  the  accuracy  with 
which  LWP  can  be  determined  by  the  system;  it  reflects  the 
limiting  accuracy  of  the  instrument  as  well  as  the  retrieval. 


Liquid  Water  Path  (mm) 

Fig.  3.  Distribution  of  LWP  for  clear  sky  conditions  (standard 
deviation  of  Tb  at  31.4  GHz  less  than  0.3  K). 


The  comparison  of  PWV  from  the  MWR  and  the  BBSS  for 
clear  and  cloudy  sky  conditions  is  presented  in  Fig.  4.. 
Although  the  agreement  is  good  both  for  clear  sky  cases  and 
for  cloudy  skies  with  LWP  <  0.5  mm  (50  g/m^),  as  LWP 
increases  above  0.50  mm  the  difference  between  the  PWV 
reported  by  the  two  systems  is  essentially  uncorrelated. 

Retrievals  of  PWV  are  now  possible  using  the  Global 
Positioning  System  (GPS)  [5].  In  Fig.  5  we  present 
comparisons  of  30-minute  averaged  PWV  firom  the  MWR  and 
GPS  for  clear  sky  conditions.  Because  the  GPS  measurement 
represents  an  average  over  nearly  the  entire  sky,  whereas  the 
MWR  has  a  relatively  narrow  field  of  view  (~5°),  cloudy  sky 
comparisons  show  considerably  more  variability. 
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Fig.  4.  Comparison  of  precipitable  water  vapor  measured  by 
microwave  radiometer  (40-minute  averages)  and  balloon-borne 
sounding  system  at  Lament,  OK  for  5  Jan-30  Nov  1995. 


GPS  (cm) 

Fig.  5.  Comparison  of  30-minute  averaged  precipitable  water 
vapor  firom  microwave  radiometer  and  Global  Positioning  System 
at  Lament,  OK  for  clear  sky  conditions  (LWP  <  0.004  mm)  during 
April,  May  and  July  1995. 
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I.  INTRODUCTION 

For  more  than  a  decade,  the  Environmental  Technology 
Laboratory  (ETL)  of  the  National  Oceanic  and  Atmospheric 
Administration  (NOAA)  has  been  successful  in  operating 
dual-channel  (20.60  and  3 1.65  GHz)  radiometers  (see  Fig.  1) 
for  measuring  water  vapor  and  cloud  liquid  [1].  These 
radiometers  routinely  produce  brightness  temperatures  with 
an  absolute  accuracy  of  about  1  K  and  a  rms  sensitivity  of 
about  0.05  K  for  a  2-minute  data  average.  Data  from  ground- 
based  microwave  radiometers  are  also  commonly  used  to 
derive  attenuation  statistics  [2]  useful  to  communication 
engineers. 

These  radiometers  are  particularly  useful  in  winter  storm 
experiments  for  measuring  supercooled  liquid  water  (SLW) 
in  clouds  [3].  As  a  result,  dual-channel  radiometers  have 
been  used  in  the  WISP  experiments  [4]  along  Colorado's 
Front  Range.  The  primary  goals  of  the  WISP  experiments 
are  to  improve  our  understanding  of  the  processes  involved 
in  the  production  and  depletion  of  SLW  in  winter  storms  and 
to  develop  improved  aircraft  icing  forecasts  on  local, 
regional,  and  national  scales.  In  particular,  a  principal 
objective  of  the  program  was  to  determine  the  utility  of 
unattended  millimeter-wave  radiometers  in  detecting  SLW 
and  providing  input  to  forecasts  of  aircraft  icing. 

The  most  recent  WISP  experiment  was  conducted  from 
25  January  through  25  March  1994.  This  experiment  is 
referred  to  as  WISP94  for  the  rest  of  the  paper.  During  this 
period,  two  collocated  dual-channel  millimeter-wave 
radiometers  were  operated  at  the  Platte ville,  Colorado,  site. 
This  period  was  selected  for  a  careful  intercomparison  of  the 
performance  of  these  two  radiometers.  The  radiometers  are 
identical  in  design  except  that  one  was  equipped  with  a 
spinning  reflector  to  disperse  precipitation  particles  through 
centrifugal  force,  while  the  other’s  reflector  was  fixed.  A  dry 
reflector  surface  is  required  during  precipitating  conditions 
to  avoid  contamination  of  the  atmospheric  data  [5].  The 
Desert  Research  Institute  (DRI)  in  Reno,  Nevada,  and  the 
Commonwealth  Scientific  and  Industrial  Research 
Organization  (CSIRO)  Division  of  Atmospheric  Research  in 
Melbourne,  Australia,  have  implemented  spinning  disks  on 
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their  radiometric  systems.  DRI  has  found  that  the  spinning 
reflector  has  been  effective  in  shedding  liquid  water  and 
snow  [6].  The  spinning  reflector  radiometer  [7]  is  referred  to 
as  the  SPIN  radiometer,  and  the  fixed  reflector  radiometer  is 
referred  to  as  the  FIX  radiometer  for  the  remainder  of  the 
paper. 

II,  CONTROLLED  SPINNING  FLAT  REFLECTOR 
MEASUREMENTS 

Before  this  spinning  reflector  was  deployed  for  unattended 
operation,  a  controlled  experiment  to  simulate  moderate  to 
heavy  rainfall  was  performed  on  this  radiometer  to  determine 
how  well  the  spinning  reflector  sheds  water.  A  rainstorm  was 
simulated  by  postioning  a  nozzle  upward  so  the  water  would 
fall  onto  the  entire  spinning  flat's  surface.  Radiometric  data 
were  recorded  at  5-s  averages  as  the  spinning  reflector's 
speed  was  set,  and  the  water  spray  was  directed  onto  the  flat 
for  a  few  minutes  and  then  stopped.  This  process  was 
repeated  for  different  flat  speeds  and  water-flow  rates. 

An  informative  parameter  contained  in  these  measurements 
is  called  the  decay  time.  The  decay  time  is  a  measure  of  how 
long  it  takes  the  spinning  wetted  reflector  to  disperse  the 
water  on  it.  This  is  found  by  measuring  the  difference 
between  the  time  when  the  water  is  shut  off  and  when  the 
reflector  is  dry.  Another  useful  quantity  is  called  the  decay 
brightness  temperature,  decay  7),,  which  is  the  difference 
between  the  brightness  temperature  before  and  after  the  water 
is  turned  off.  These  two  quantities,  plotted  versus  reflector 
(disk)  speed  for  a  water-flow  rate  of  about  150  x  10‘^  m^  s'^ 
are  shown  in  Fig.  1.  This  water-flow  rate  can  be  converted 
into  an  approximate  rain  rate  of  68  mm  hr'\  a  moderately 
intense  rainfall  rate.  The  decay  time  plots  show  that  there  is 
essentially  no  improvement  in  decay  time  for  disk  speeds 
above  250  rpm.  The  decay  plots  show  a  general  trend  of 
decreasing  decay  brightness  temperatures  with  increasing 
reflector  speeds  up  to  about  250  rpm;  i.e.,  the  water-layer 
thickness  on  the  disk  is  reduced  with  increasing  spin  speed. 

The  operating  speed  of  the  ETL’s  spinning  reflector  was 
chosen  to  be  300  rpm  because  of  three  criteria.  The  first  was 
that  the  spinning  disk  should  disperse  the  water  quickly  (see 
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Fig.  1 .  (a)  The  time  required  for  the  spinning  disk  to  disperse 
the  light  water  spray  (decay  time)  versus  disk  speed,  and  (b) 
the  difference  between  the  brightness  temperatures  before 
and  after  a  water-flow  rate  of  150  x  10'^  m^  s’^  (approximate 
rain  rate  of  68  mm  hr'^)  is  turned  off  (decay  versus  disk 
speed. 

Fig.  la).  The  second  criterion  was  that  the  spinning  disk 
minimize  the  water-layer  thickness  (see  Fig.  lb).  The  last 
criterion  was  that  the  spinning  disk  structure  be  mechanically 
stable  during  operation,  i.  e.,  flat  speeds  less  than  500  rpm. 

III.  RADIOMETER  COMPARISONS 
A.  Scatterplots  and  Statistics  of  Radiometer  Data 

Recovery  of  the  amounts  of  atmospheric  water  vapor  and 
liquid  water  from  dual-channel  radiometer  measurements 
involves  a  statistical  inversion  [1].  On  the  other  hand,  the 
total  atmospheric  attenuations  are  computed  from  the 
brightness  temperatures  measured  by  the  radiometer  [2], 

The  integrated  liquid-water  measurements  were  used  to 
categorize  the  data  into  three  groups:  pairs  obtained  when 
integrated  liquid  water  was  measured  (integrated  liquid- water 
content  >  0.05  mm),  and  pairs  obtained  when  little  or  no 
integrated  liquid  water  was  measured  (integrated  liquid-water 
content  <  0.05  mm). 

Fig.  2  shows  scatter  plots  of  the  31.65  GHz  brightness- 
temperature  data  when  integrated  liquid- water  content  is  > 


Fig.  2.  Scatter  plots  of  SPIN-  versus  FIX-measured  values  of 
brightness  temperature  at  3 1 .65  GHz.  These  measurements 
were  taken  when  the  integrated  liquid-water  content  is  >  0.05 
mm. 

0.05  mm.  There  are  about  6  000  paired  data  points.  The 
large  brightness-temperature  deviations  from  the  45°  line 
indicate  periods  when  the  FIX  radiometer  was  likely  to  have 
had  more  liquid  on  its  exposed  surface  than  did  the  SPIN 
radiometer.  The  low  correlation  coefficients  and  large  rms 
values  illustrate  the  large  effect  that  these  conditions  can  have 
on  the  comparison  statistics  when  the  integrated  liquid-water 
content  is  >  0.05  mm.  Fig.  2  shows  that  almost  all  of  the 
instances  of  anomalous  FIX  31.65  GHz  brightness 
temperature  measurements  occur  for  very  light  cloud  or 
cloudless  conditions,  i.e.,  the  SPIN  31.65  GHz  brightness 
temperature  measurements  <  20  K  imply  less  than  0.2  mm  of 
cloud  liquid.  This  means  that  almost  all  of  the  FIX  failures 
occurred  during  snow  events,  i.e.,  melting  snow  on  the 
stationary  reflector. 

B.  A  Wet  Reflector  Case  Study 

A  wet  snow  storm  on  28  February  to  1  March  1994 
provided  an  excellent  test  for  the  spinning  reflector.  The 
precipitation  detector,  located  next  to  the  radiometers,  was 
activated  from  2100  to  0000  UTC  while  the  surface 
temperature  was  about  0°C.  A  zenith-viewing,  narrowband, 
10.6-pm  infrared  (IR)  radiometer  measured  a  temperature  of 
about  0°C,  indicating  the  presence  of  a  low,  solid  cloud  deck. 
Fig.  3a  shows  that  the  FIX  radiometer's  measured  3 1 .65  GHz 
brightness  temperatures,  and  consequentely  the  derived 
precipitable  water  vapor  (see  Fig.  3b)  were  much  more 
adversely  affected  by  the  snow  than  the  SPIN  radiometer's 
measured  parameters.  Four  CLASS  radiosondes  were 
launched  before,  during,  and  after  this  wet  snow  storm  as 
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Fig.  3.  Time  series  plots  of  the  Platteville  measurements 
from  the  (a)  3 1 .65  GHz  brightness  temperatures,  and  the  (b) 
precipitable  water  vapor,  where  solid  lines  are  from  the  SPIN 
radiometer  and  dashed  lines  are  from  the  FIX  radiometer, 
during  a  wet  snow  storm  on  28  February  1994.  The 
precipitation  detector  was  on  from  about  2100-0000  UTC. 

shown  in  Fig.  3b  by  the  solid  dots.  The  first  three  pairs  of 
radiosonde  and  radiometer  water-vapor  measurements  (1800, 
1822,  and  2113  UTC)  yield  a  maximum  difference  of  0.15 
cm.  This  result  was  obtained  just  before  and  just  after  the 
wet  snow  storm  began.  However,  near  the  end  of  this  storm, 
at  approximately  0000  UTC  March  1,  1994,  the  radiosonde 
and  FIX  vapor  difference  is  almost  13  cm,  whereas  the 
radiosonde  and  SPIN  integrated  water-vapor  difference  is 
only  about  0,08  cm.  These  results  clearly  show  that  the  SPIN 
radiometer  successfully  measured  the  atmospheric  vapor 
accurately  at  these  times,  whereas  the  FIX  radiometer  did  not. 
Other  snow  storm  cases  from  WISP94  show  similar  results. 

V.  CONCLUSION 

These  results  and  other  snow  events  during  the  WISP94 
show  that  the  spinning-reflector  system  prevented 
contamination  of  brightness  temperature  data  during  snow 
conditions.  Consequently,  the  system  with  the  rotating 
reflector  provides  accurate  derived  values  of  precipitable 
water  vapor,  vertically-integrated  liquid  water,  and  zenith 
attenuation  at  20.60  and  3 1.65  GHz  during  snow  conditions 
in  WISP94.  In  summary,  these  results  show  that  a  spinning- 


reflector  system  can  produce  accurate  radiometric  data  for 
certain,  perhaps  all,  snowing  conditions. 
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Abstract  -  The  fine-scale  horizontal  variations  of  water  vapor 
and  cloud  liquid  water  are  of  importance  to  climate, 
meteorology,  and  satellite  validation/calibration.  The 
Environmental  Technology  Laboratory  of  NOAA  has 
developed  a  dual-frequency  upward-  (and  downward-)  looking 
radiometer  at  23.87  and  31.65  GHz  to  measure  the  integrated 
amounts  of  water  vapor  and  cloud  liquid  above  an  aircraft. 
Two  experiments  involving  the  NOAA  WP-3D  (tail  number 
N43RF)  were  conducted  in  the  Oklahoma-Texas  region  during 
April  1  to  June  15,  1995.  The  first,  the  Verification  of  the 
Origin  of  Rotation  in  Tornadoes  Experiment  (VORTEX), 
focused  on  obtaining  detailed  observations  of  mesocyclones 
and  their  potential  for  developing  into  tornadoes.  The  second, 
sponsored  by  the  Department  of  Energy's  Atmospheric 
Radiation  Program,  was  to  obtain  detailed  aircraft  observations 
of  cloud  liquid  and  water  vapor  to  correlate  with  short-  and 
long-  wave  radiation  measurements.  The  almost  mutually 
exclusive  goals  of  the  two  experiments  allowed  shared  use  of 
NOAA  WP-3D  aircraft  throughout  the  entire  April- June  period. 
During  VORTEX,  the  radiometer  was  operated  on  all  WP-3D 
flights;  of  particular  interest  were  several  flights  flown  in  zig 
zag  flight  patterns  through  mesoscale  moisture  fronts  known  as 
"dry  lines".  Through  the  sharp  boundaries  of  dry  lines,  strong 
horizontal  gradients  in  moisture  can  occur.  Several  of  the  dry 
line  cases  were  observed,  and  examples  will  be  shown. 

INSTRUMENTS 

The  Environmental  Technology  Laboratory  (ETL)  developed 
a  dual-channel  radiometer  at  23.87  and  31.65  GHz  for 
deployment  on  aircraft  platforms  [1],[2].  The  two  frequencies 
share  a  common  antenna  (offset  parabola),  have  equal 
beam  widths  (3.6°  at  half-power),  and  are  orthogonally 
polarized.  Each  channel  has  a  double-sideband  receiver  with  a 
total  bandwidth  of  1  GHz  resulting  in  a  measured  1-s  rms 
sensitivity  of  0.064  K.  The  primary  function  of  the  instrument 
is  to  measure  the  precipitable  water  vapor  (PWV)  and 
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integrated  cloud  liquid  (ICL)  above  an  aircraft;  hence,  it  is 
designated  as  the  Airborne  Water  Substance  Microwave 
Radiometer  (AWSMR).  During  the  ETL  San  Clemente  Ocean 
Probing  Experiment  it  was  deployed  on  the  NOAA  King  Air 
aircraft  for  both  atmospheric  (up-looking)  and  oceanographic 
(down-looking)  measurements  [3].  The  Coastal  Ocean  Probing 
Experiment  was  conducted  during  September-October  1995. 
For  this  experiment  the  AWSMR  was  one  of  the  instruments 
mounted  on  a  US  LTA  blimp  to  look  downward  at  surface 
phenomena  [4]. 

Three  probes  for  in  situ  measurements  of  cloud  liquid  were 
installed  on  the  W7-3D  aircraft  for  these  experiments.  One,  the 
Johnson-Williams  probe  (J-W),  has  been  a  standard  instrument 
for  field  programs  for  many  years.  Data  from  this  hot  wire 
instrument  will  be  presented  in  this  paper.  The  second 
instrument,  a  Particle  Measuring  Systems  King  probe  was  not 
available  for  the  flight  shown  here.  A  new  instrument,  the 
Gerber  probe  was  installed  on  the  NOAA  WP-3D  aircraft  for 
the  first  time  on  this  experiment.  This  instrument,  PVM-IOOA, 
measures  the  cloud  liquid  content  (LWC),  the  integrated 
particle  surface  area  (PSA),  and  the  effective  droplet  radius 
of  cloud  droplets.  These  real  time  in  situ  measurements  are 
simultaneous,  sample  a  cloud  volume  of  1.25  cm^  and  have  a 
maximum  bandwith  of  5  KHz  [5]. 

Other  instruments  used  for  this  study  were  for  the  standard 
meteorological  parameters  of  pressure,  temperature,  dew  point, 
and  wind  plus  the  location  provided  by  the  Global  Positioning 
System. 

DRY  LINE  FLIGHT 

A  preferred  area  for  thunderstorm  development  over  the 
Great  Plains  is  near  a  dry  line  -  defined  as  the  surface  boundary 
between  maritime  tropical  air  masses  from  the  Gulf  of  Mexico 
and  dry  air  masses  from  the  desert  southwest  [6].  The  process 
by  which  convective  storms  form  along  the  dry  line  is  not  well 
understood  [7], [8].  During  the  spring  and  early  summer  months 
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these  storms  frequently  spawn  tornados  that  endanger  life  and 
property.  On  May  6,  1995  the  NOAA  WP-3D  aircraft  made  a 
joint  flight  with  the  NCAR  Electra  to  document  supercell 
development  in  the  Texas  Panhandle.  It  is  fairly  common  for 
the  dry  line  to  develop  here  due  to  the  presence  of  the  Caprock 
Escarpment  [6].  Indeed  the  dry  line  was  found  on  the  cap  rock 
at  101.2  W. 

The  dry  line  was  traversed  at  three  levels  (500  ft,  3000  ft,  and 
5000  ft  AGL)  by  the  NOAA  aircraft  along  a  line  defined  by  the 
34,5  N  latitude.  Later  sets  of  traverses  were  made  at  35  N.  A 
total  of  six  sets  of  traverses  of  the  dry  line  were  made  on  this 
flight.  In  Fig.  1  we  show  PWV  measured  by  the  AWSMR  as  a 
function  of  time  during  the  first  three  passes.  Fig,  la  is  for  the 
pass  at  an  altitude  of  500  ft.  Fig.  2  shows  the  corresponding 


Fig.  la.  Precipitable  water  vapor  traverse  of 
a  dry  line  at  an  altitude  of  500  ft. 


VORTEX/ARM  Right  of  N43RF  on  95/05/06 


Fig.  lb.  Precipitable  water  vapor  traverse  of 
a  dry  line  at  an  altitude  of  3000  ft. 
plot  of  ICL.  The  vertical  arrow  in  Fig.  la  marks  the  dry  line 
boundary  determined  by  the  change  in  dew  point  (Fig.  3).  Note 
that  time  decreases  from  right  to  left  so  that  west  of  the  dry  line 


VORTEX/ARM  Flight  of  N43RF  on  95/05/06 


Fig.  Ic.  Precipitable  water  vapor  traverse  of 
a  dry  line  at  an  altitude  of  5000  ft. 

is  to  the  left  and  east  of  the  dry  line  is  to  the  right.  The  change 
in  PWV  across  the  boundary  is  more  than  0.5  cm  in  less  than 
1,5  km  horizontal  distance.  At  3000  ft  (Fig.  lb)  the  variation  of 
PWV  across  the  boundary  is  smaller,  0.3  cm,  while  at  5000  ft 
(Fig.  Ic)  the  variation  across  the  boundary  may  be  as  much  as 
0.2  cm  but  it  is  difficult  to  distinguish.  On  the  other  traverses 
of  the  dry  line  at  5000  ft  (not  shown  here)  there  is  no  boundary 
indicated  by  the  PWV  variations.  Thus  this  dry  line  is  confined 
to  the  lowest  part  of  the  atmosphere.  At  all  three  levels  the  dry 
line  crossing  occurred  at  101.2  W  longitude,  i.  e.,  the  boundary 
is  vertical. 

Clouds  above  the  aircraft  were  measured  by  the  AWSMR  on 
the  500  ft  traverse  (see  Fig.  2).  The  maximum  of  0.13  mm  is 
indicated  by  the  horizontal  arrow.  Fig.  3  shows  the  temperature 
and  dew  point  as  the  aircraft  traversed  the  dry  line.  The  dew 
point  is  the  most  sensitive  parameter  to  dry  line  characteristics. 
The  time  has  been  reversed  so  that  west  is  to  the  left  side  of  the 
figure  and  east  is  to  the  right.  To  demostrate  further  the 
atmospheric  effects  as  the  aircraft  traversed  the  dry  line  we 
show  in  Fig.  4  the  variation  in  the  geopotential  altitude  of  the 


Fig.  2.  Liquid  water  traverse  of  a  dry  line  at 
an  altitude  of  500  ft. 
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aircraft.  This  height  variation  is  indicative  of  the  convective 
activity  that  is  well  to  the  east  of  the  dry  line  itself  (see  Fig.  3). 
Superimposed  on  the  altitude  vs.  time  plot  are  wind  barbs 
indicating  the  wind  measurements  at  altitude.  Although  the 
wind  is  generally  southerly  we  see  that  there  is  a  divergence  of 
wind  at  the  boundary  shifting  from  south-south-westerly  on  the 
east  side  to  south- south-easterly  on  the  west  side. 

Statistics  for  some  of  the  variables  measured  in  flight  were 
calculated  on  either  side  of  the  dry  line  boundary.  The  change 
in  average  dew  point  across  the  boundary  is  9  K.  The  change 
in  mixing  ratio  is  4.5  g/kg  over  a  horizontal  distance  of  less 


VORTEX/ARM  Flight  of  N43RF  on  95/05/06 


Fig.  3.  Temperature  (upper)  and  Dew  Point 
(lower)  during  the  traverse  across  the  dry  line 
at  500  ft. 


VORTEX/ARM  Flight  of  N43RF  on  95/05/06 


Fig.  4.  Aircraft  altitude  during  the  traverse 
across  the  dry  line  at  500  ft.  Wind  barbs  are 
superimposed  on  the  trace 
than  1.5  km.  Current  mesoscale  models  define  dry  line 
environments  by  east- west  gradients  of  moisture  on  the  order  of 
10  g/kg  per  100  km  [8]. 

DESCENT  INTO  WILL  ROGERS  AIRPORT 

The  flight  was  successful  for  its  documentation  of  the  dry 
line.  As  the  aircraft  maneuvered  to  return  to  Will  Rogers 
airport,  it  flew  through  and  beneath  clouds  to  provide  an 
opportunity  to  measure  both  horizontal  and  vertical  structure. 
In  Fig.  5  we  show  the  aircraft  altitude  variations  of  the  final  15 
minutes  of  flight.  Figs.  6  and  7  show  the  measurements  made 
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Fig.  5.  Aircraft  altitude  while  in  the  last  15 
minutes  of  its  landing  pattern  into  Will  Rogers 
airport. 


Fig.  6.  Cloud  liquid  content  estimated  by  the 
Johnson-William  probe  for  the  descent  shown  in 


Fig.  7.  Cloud  liquid  content  estimated  by  the 
Gerber  probe  for  the  descent  shown  in  Fig.  5. 

by  the  two  water  probes  as  a  function  of  altitude  (the 
timesequence  is  the  same).  In  Figs.  8  and  9  we  show  the  PWV 
and  ICL  measured  by  the  AWSMR. 

There  are  three  time  sections  of  interest.  The  first  is  in  the 
altitude  descent  from  1.5  km  to  0.9  km  just  before  01 :00  UTC. 
The  aircraft  passes  through  a  cloud  that  is  detected  by  the 
Gerber  probe,  above  1.0  km,  but  not  by  the  J-W  probe. 
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The  amount  is  slight,  0.02  g/m^  at  maximum.  The  AWSMR 
also  measures  the  cloud,  but  with  an  amount  that  is  less  than 
0.04  mm.  After  01:00  and  before  01:06  UTC  the  aircraft  is  in 
level  flight  below  a  cloud  layer.  The  AWSMR  measures  about 
1 1  peaks  in  this  sequence  with  a  maximum  of  0.1 1  mm.  On  the 
final  descent  the  aircraft  passes  through  a  stratus  layer  that  is 
measured  by  both  probes.  The  J-W  probe  measures  the  same 
structure  as  the  Gerber  probe  but  is  significantly  reduced  in 
magnitude,  0.26  g/m^  versus  0.37  g/m^  at  maximum.  The 
AWSMR  also  measures  the  cloud  as  the  aircraft  passes  through 
it  (after  01:06  UTC)  showing  some  structure  with  a  maximum 
of  0.08  mm  of  liquid.  Upon  landing  the  instrument  was  still 
measuring  cloud  liquid  up  to  0.10  mm  and  PWV  of  3.0  cm. 


VORTEX/ARM  Flight  of  N43RF  on  95/05/07 


Fig.  8.  Precipitable  Water  Vapor  estimated 
by  the  AWSMR  during  the  descent  shown  in 
Fig.  5. 


VORTEX/ARM  Flight  of  N43RF  on  95/05/07 


Fig.  9.  Integrated  Cloud  Liquid  estimated  by 
the  AWSMR  during  the  descent  shown  in 
Fig.  5. 


CONCLUSION 

We  have  presented  a  sample  of  data  collected  during  the 
VORTEX/ARM  95  experiment.  The  26  flights  by  the  NOAA 
WP-3D  aircraft  provide  a  wealth  of  atmospheric  information. 
Our  immediate  activities  will  focus  on  the  details  of  retrieving 
PWV  and  ICL  as  a  function  of  altitude  for  the  experiment.  We 
also  will  compare  ground-  and  aircraft-based  measurements  of 
PWV  and  ICL. 
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Abstract  Water  vapor  profiles  are  derived  from  data 
provided  by  a  Raman  lidar  and  a  microwave  radiometer,  as 
well  as  other  instruments.  We  demonstrate  that  this  system 
can  provide  accurate  profiles  at  altitudes  above  which  the 
Raman  lidar  technique  is  limited. 

INTRODUCTION 

In  ground-based  remote  sensing  of  atmospheric  water 
vapor,  Raman  lidars  and  microwave  radiometers  have  been 
used  in  routine  operations  and  field  investigations.  The  most 
significant  advantage  in  microwave  radiometry  is  the 
capability  to  measure  water  vapor  and  liquid  water  in  almost 
all  non-precipitating  weather  conditions.  The  ability  to 
profile  water  vapor  by  microwave  radiometers  has  also  been 
investigated  theoretically  and  experimentally  [1].  Because  of 
insufficient  profile  structure  information  in  the  measurements 
themselves,  retrieving  accurate  profiles  requires  application 
of  constraints.  Raman  lidars  have  the  capability  to  profile 
water  vapor  up  to  7  km  or  higher  with  vertical  resolutions  of 
better  than  100  meters  [2]  in  cloud-free  and  nighttime 
environments.  Under  cloudy  conditions,  the  lidar  beams  are 
attenuated  by  clouds  and  usually  can  not  probe  through  liquid 
clouds.  During  daytime  conditions,  contaminations  by  sun 
light  limit  lidar  measurements  to  the  lowest  3  or  4  km. 

In  this  investigation,  we  derive  water  vapor  profiles  by 
integrating  data  from  a  Raman  lidar,  a  microwave  radiometer, 
a  radio  acoustic  sounding  system  (RASS)  and  surface  in-situ 
instruments.  A  Kalman  Filtering  technique  is  applied  to 
derive  profiles  from  the  integrated  system.  The  data 
collected  during  the  FIRE  II  experiment,  conducted  in 
November  and  December  1991  in  Coffey ville,  Kansas,  are 
used  for  our  preliminary  test.  The  set  of  instruments  was 
described  in  [2]  [3]  [4] 

RETRIEVAL  ALGORITHM 

The  measurements,  from  which  water  vapor  mixing  profiles 
are  derived,  consist  of  water  vapor  mixing  ratio  profiles  from 


Raman  lidar,  surface  temperature,  pressure  and  humidity 
from  in-situ  sensors,  and  integrated  water  vapor  from  the 
microwave  radiometer.  The  measurements  of  RASS  virtual 
temperature  profiles  are  used  to  derive  integrated  water  vapor 
and  liquid  and  also  used  to  convert  water  vapor  between 
different  units.  Cloud  base  height,  derived  from  Raman  or 
another  lidar,  is  also  used  in  retrievals.  The  vertical 
coordinate  of  the  profile  vector  x  starts  at  the  surface  level. 
The  second  level  is  set  at  the  lidar’ s  first  range  gate.  The 
remaining  levels  have  adjacent  intervals  of  75  m,  to  be 
consistent  with  lidar’ s  range  gates.  The  top  level  is  set  at  10 
km,  a  height  above  which  the  total  amount  of  water  vapor  is 
negligible. 

Under  conditions  when  x  is  partially  measured  by  the  lidar, 
surface  instruments  and  microwave  radiometer,  the  retrieval 
of  X  is  an  ill-posed  mathematical  problem.  Additional 
information  is  required  for  such  retrievals.  In  our  retrieval 
algorithm,  we  introduce  two  such  sources.  One  is  the 
information  contained  in  previous  lidar  measurements  and 
the  other  is  the  statistical  information  obtained  from  an  a 
priori  water  vapor  profile  ensemble.  The  algorithm  is  a  two- 
stage  retrieval  that  is  outlined  in  the  following. 

In  the  first  stage,  a  Kalman  Filtering  (KF)  technique  [5]  is 
applied  to  derive  a  state  vector  s,  which  has  the  same  vertical 
coordinates  as  x  but  less  range  coverage.  The  measurement 
vector  d,  on  which  the  filter  operates,  comprises  a  vapor 
mixing  ratio  at  the  surface  and  a  lidar  profile.  The  number  of 
the  elements  in  d  varies  depending  on  the  lidar 
measurements.  The  error  of  the  surface  vapor  mixing  ratio  is 
estimated  from  the  errors  in  the  measurements  of  surface  air 
temperature,  pressure  and  relative  humidity.  The  error 
profile  of  lidar  measurements  is  related  to  the  statistics  of  the 
Raman  water  vapor  return  signal  and  is  given  with  each  lidar 
vapor  mixing  ratio  profile.  The  measurement  error 
covariance  consists  of  these  errors  and  it  is  assumed  that  the 
off-diagonal  elements  are  zero,  which  is  equivalent  to  the 
assumption  that  the  errors  are  uncorrelated  with  each  other. 
The  dimension  of  s  depends  on  the  following  situation:  when 
the  maximum  height  of  current  lidar  measurements  is  lower 
than  those  of  all  previous  measurements,  the  dimension  is  the 
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same  as  the  previous;  otherwise,  the  dimension  is  reset  to  that 
equal  to  the  dimension  of  the  new  measurement  vector  and 
the  KF  is  re-initialized.  Thus,  the  state  vector  s  describes 
atmospheric  water  vapor  from  the  surface  to  the  maximum 
lidar  range  in  the  history  of  lidar  measurements.  In  the  first 
situation,  the  portion  that  is  not  measured  by  current 
observation  is  actually  predicted  from  the  past  and  the  new 
measurements,  d  is  linearly  related  to  s  (corrupted  by  errors) 
with  coefficients  contained  in  the  so-called  observation 
matrix. 

The  evolution  of  s  is  assumed  to  be  a  first-order  Markovian 
process  and  is  characterized  by  a  time-dependent  transition 
matrix,  which  linearly  relates  the  s  vectors  at  two  different 
times,  and  by  the  errors  (assumed  white  noise)  in  the 
transition  model.  In  our  system,  the  time  interval  of  the 
transition  is  two  minutes.  Since  the  variation  of  the 
atmospheric  water  vapor  in  two  minutes  is  usually  small  in 
comparison  with  the  estimated  errors  in  the  retrievals,  we 
approximate  the  transition  by  advancing  s  without 
modification,  which  is  equivalent  to  set  the  transition  matrix 
to  unity.  The  transition  errors  may  be  estimated  using  a 
historic  profile  data  base.  The  Raman  lidar  itself  may 
provide  part  of  such  a  data  base  if  a  large  number  of 
nighttime  clear  lidar  measurements  are  collected.  For  this 
experiment,  however,  the  collection  of  clear- sky  lidar 
measurements  was  not  statistically  sufficient.  The  data  base 
we  used  is  a  collection  of  three-hourly  radiosonde  profiles 
from  five  observation  stations  at  the  DOE  CART  site  during 
the  Intensive  Observation  Period  (lOP)  conducted  in  April 
and  May,  1995.  Over  700  radiosonde  profiles  are  used  for 
the  error  estimation.  Assuming  that  the  transition  errors  are 
time  invariant  and  time  uncorrelated,  we  estimated  the  errors 
by  advancing  each  profile  three  hours,  calculating  the  mean 
square  difference  between  the  advanced  profiles  and  the 
profiles  measured  at  that  time,  and  then  dividing  the 
difference  by  the  number  of  two-minute  intervals  in  the 
advanced  time  period.  In  general,  a  certain  time  correlation 
between  errors  is  expected.  Assuming  a  correlation  time 
greater  than  three  hours,  in  the  time  intervals  concerned,  the 
correlations  are  likely  to  be  positive,  causing  the  estimate  of 
the  transition  errors  to  be  larger  than  those  when  the 
correlations  are  counted.  Larger  transition  errors  result  in  a 
larger  error  covariance  of  an  a  priori  estimate,  which  is 
propagated  from  the  last  estimation.  This  effectively  gives 
more  weight  to  current  measurements  in  the  profile 
estimation.  Existence  of  the  correlation  is  also  inconsistent 
with  the  assumption  that  the  transition  errors  are  white  noise. 
However,  our  testing  results  have  shown  that  our  KF 
technique  under  this  assumption  works  well  for  our  system. 

The  recursive  KF  starts  at  an  initial  state  and  its  error 
covariance.  We  use  the  first  arrival  of  measurements  and 
error  covariance  as  the  initial  state.  The  state  vector  s  and  its 


covariance  are  propagated,  according  to  the  transition  system, 
to  the  point  when  new  measurements  arrive.  The  propagated 
state  vector  and  its  covariance  are  seen  as  an  a  priori 
estimate.  Using  the  error  covariance  matrices  as  weights,  the 
a  priori  estimate  is  linearly  combined  with  the  new 
measurements  that  have  been  mapped  to  the  s  space  by  using 
the  observation  matrix.  The  error  covariance  of  the  new 
estimate  is  also  calculated.  The  newest  estimate  and  its 
covariance  are  used,  on  one  hand,  in  the  second  stage  of  the 
retrieval  process  described  in  the  following,  and,  on  the  other 
hand,  in  the  next  process  of  KF  estimation. 

In  the  second  stage,  the  estimate  and  error  covariance  of  the 
profile  obtained  from  KF  as  well  as  integrated  water  vapor 
and  its  error  from  the  microwave  radiometer  comprise  a  new 
measurement  vector  and  error  covariance  matrix.  The 
measurement  vector  again  is  related  linearly  to  the  unknown 
profile  by  a  new  observation  matrix.  From  an  a  priori 
ensemble  of  radiosonde  data,  a  climatological  mean  of  water 
vapor  profile  and  its  covariance  were  derived.  The 
climatological  mean  serves  as  an  a  priori  estimate  of  the 
unknown  profile.  A  covariance- weighted  averaging  is 
performed  to  combine  the  measurement  vector  and  the 
statistical  data.  The  result  is  our  final  estimate  of  the  water 
vapor  profile. 

In  the  nighttime  clear  sky  cases  in  which  the  lidar  covers 
the  range  close  to  the  top  of  the  retrieval  vertical  coordinate, 
the  estimate  from  KF  usually  yields  a  much  small  error 
covariance  in  comparison  with  the  statistical  covariance. 
Hence,  the  averaging  performed  in  the  second  stage  is  in 
favor  of  KF,  resulting  an  estimate  differing  little  from  that  of 
KF.  In  other  cases  in  which  lidar  measures  only  a  portion  of 
a  profile,  for  the  same  reason  as  that  in  the  clear  sky  cases, 
the  two-stage  retrieval  yields  a  profile  with  that  portion 
similar  to  the  lidar  measurements.  The  other  part  of  the 
retrieved  profile  is  a  result  of  a  balance  among  previous  and 
current  measurements  and  statistical  data. 

EXPERIMENT  RESULTS 

During  the  FIRE  II  experiment,  the  Raman  lidar 
observed  the  atmosphere  only  during  night.  There  were  a 
total  of  14  nights  of  observations,  out  of  which  there  were  4 
nights  when  low  level  clouds  with  cloud  base  at  about  2  or  3 
kilometers  were  observed.  Unfortunately,  during  the  cloudy 
periods  when  the  lidar  operated,  there  were  no  vapor  profile 
observations  by  other  instruments,  such  as  radiosondes. 
Therefore,  a  direct  comparison  of  retrievals  with  “ground- 
truth”  is  not  available.  In  order  to  demonstrate  the  system 
performance,  we  created  “clouds”  by  extending  existing 
cloud  bases  into  clear  periods.  The  Raman  lidar  soundings 
during  these  periods  were  then  truncated  at  the  artificial 
cloud  bases  and  used  as  cloudy  measurements.  The  original 
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lidar  soundings  were  used  as  “ground- truth”.  We  show  here 
examples,  which  were  obtained  during  the  artificial  cloudy 
period  on  November  24.  Figure  1  shows  a  retrieval 
compared  with  ground-truth,  16  min  after  the  start  of  the 
cloudy  period.  As  anticipated,  the  retrieved  profile  below  the 
cloud  base  resembles  the  lidar  measurement  and  above  the 
cloud  base,  the  influence  of  the  previous  lidar  measurements 
is  obvious.  Figure  2  shows  an  example  in  a  situation  when 
there  are  no  historic  lidar  measurements  available  above 
cloud  base  height.  This  situation  is  likely  happen  when 
clouds  persist  for  a  long  period  or  in  daytimes.  The 
information  for  the  profile  above  the  cloud  base  is  supplied 
by  the  statistical  data  and  integrated  water  vapor,  as  well  as 
the  lidar  measurement  below  the  cloud  through  the 
correlations  characterized  by  the  error  covariance  matrix.  In 
general,  under  such  conditions,  the  profile  above  the  lidar 
range  is  smoothed. 

SUMMARY 

The  technique  optimizes  the  use  of  information  contained 
in  past  and  current  lidar  measurements,  surface  in-situ 
measurements,  measurements  of  integrated  water  vapor,  and 
statistical  data.  We  have  shown  that  this  technique  extends 
our  capability  to  profile  water  vapor  during  cloudy  and 
daytime  conditions. 

Under  nighttime  clear  conditions,  retrievals  differ  little 
from  lidar  measurements.  Under  cloudy  or  daytime 
conditions,  the  low  portions  of  the  retrieved  profiles  differ 
also  little  from  the  lidar  measurements  that  cover  those 
portions.  The  upper  portions  are  constrained  by  the 
integrated  water  vapor  measurements  and  the  profile 
structures  are  shaped  by  the  previous  lidar  measurements  and 
statistical  data. 
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Figure  1.  An  example  of  retrieval  using  the  technique 
described  in  the  text.  Dashed  line  -  retrieval;  solid  line  - 
ground-truth  (from  lidar);  dotted  line  -  artificial  cloud  base. 
Data  were  collected  during  FIRE  II.  The  cloud  base  is 
created  by  extending  the  existing  cloud  base  into  the  clear 
period.  The  lidar  sounding  is  truncated  at  the  artificial  cloud 
base  and  used  as  cloudy  measurements.  The  original  lidar 
sounding  is  used  as  ground-truth. 


Figure  2.  An  example  of  retrieval  when  lidar  provides  no 
historic  measurements  for  the  portion  above  the  cloud  base. 
Other  notations  are  explained  in  Figure  1. 
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Abstract  -  The  retrieval  of  precipitation  parameters 
from  passive  microwave  imagery  requires  the  use  of  a  non¬ 
linear  statistical  estimation  technique  operating  on  a  mul¬ 
tichannel  data  stream.  We  describe  here  the  application 
of  a  feed-forward  neural  net  to  the  estimation  of  precipita¬ 
tion  parameters  from  noisy,  multispectral  brightness  tem¬ 
perature  imagery.  A  comparison  of  the  neural  net  retrieval 
technique  vis-a-vis  a  nonlinear  statistical  technique  shows 
that  with  proper  training  the  neural  net  achieves  slightly 
better  performance.  The  neural  net  technique  developed 
here  has  been  used  to  study  the  tradeoffs  associated  with 
using  various  microwave  channel  sets  and  sensor  resolu¬ 
tions.  Initial  calculations  using  simulated  nadir- viewing 
imagery  for  a  MIMR-compatible  set  of  six  channels  are 
presented. 

1.  INTRODUCTION 

Nonlinear  retrieval  techniques  using  either  model-based 
iteration  or  supervised  high-order  curve  fitting  have  been 
shown  to  be  useful  for  precipitation  parameter  retrieval 
(e.g.,  [1]).  Recently,  neural  nets  have  seen  increasing  use 
in  remote  sensing  studies  as  classifiers  and  (to  a  lesser 
extent)  as  continuous  parameter  retrieval  operators.  The 
advantages  of  neural  nets  for  the  latter  application  include 
the  ability  to  capture  relevant  high-order  statistical  infor¬ 
mation  in  the  underlying  data  set  and  the  capability  to 
form  highly  nonlinear  muldimensional  mapping  functions. 
These  are  both  essential  attributes  for  many  geophysical 
sensing  problems.  In  addition,  neural  nets  exhibit  flex¬ 
ibility  in  adding  weakly  correlated  information  from  ad¬ 
ditional  sources  [2]  and  are  simple  to  implement.  While 
a  review  of  neural  nets  for  parameter  estimation  is  be¬ 
yond  the  scope  of  this  paper,  a  sufficient  background  is 
developed  in  [3,  4,  5]. 

We  report  here  the  development  of  a  neural  network 
technique  appropriate  for  rain  rate  (RR)  retrieval  using 
multichannel  passive  microwave  brightness  imagery  at  6.0, 
10.7,  18.7,  23.8,  36.5,  and  89.0  GHz.  The  imagery  was 
computed  using  the  Georgia  Tech  Microwave  Radiative 
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Transfer  (MRT)  model  [6]  for  five  time  values  of  the  God¬ 
dard  Cumulus  Ensemble  (GCE)  microphysical  stormcell 
model  [7]  over  an  ocean  background.  Two  spatial  reso¬ 
lutions  were  used  in  this  study:  (1)  full  resolution  (FR) 
imagery  consisting  of  64  x  64  pixels  sampled  on  a  1.5  km 
grid,  and  (2)  degraded-resolution  (DR)  imagery  consis¬ 
tent  with  the  imaging  capabilities  of  a  diffraction-limited 
aperture  antenna  of  diameter  1.6  m  at  705  km  altitude. 
DR  imagery  was  obtained  by  convolving  the  FR  imagery 
with  the  gain  pattern  of  a  circular  antenna  with  quadratic 
field  amplitude  taper  (Figure  1).  Pseudorandom  Gaussian 
noise  appropriate  for  the  observation  geometry  and  scan 
rate  were  added  to  the  convolved  imagery  to  simulate  the 
radiometric  imaging  process. 

Brightness  imagery  sampled  at  five  storm  temporal 
stages  (126,  138,  174,  210,  and  234  minutes)  were  used, 
thus  providing  a  total  of  20,480  multispectral  pixels.  The 
data  set  was  identical  to  that  used  in  [1].  Training  and 
test  sets  of  equal  size  were  derived  from  this  set  by  pseu¬ 
dorandom  partitioning. 

2.  NETWORK  ARCHITECTURE  AND  TRAINING 

Two-layer  (i.e.,  one  hidden  layer)  neural  nets  were 
trained  on  the  MRT/GCE  data  using  a  variety  of  node 
numbers  (from  two  to  eight),  training  algorithms,  weight 
initialization,  and  input  prefiltering  methods.  The  hidden 
layer  perceptrons  used  the  hyperbolic-  tangent  sigmoid  as 
their  activation  transfer  function,  while  the  single  percep- 
tron  of  the  output  layer  used  a  pure-linear  transfer  func¬ 
tion.  Both  Karhunen-Loeve  (KL)  and  non-KL  prefiltering 
was  used. 

The  nets  were  implemented  using  the  MATLAB  Neu¬ 
ral  Net  Toolbox  backpropagation  software  which  allows 
the  option  of  using  an  adaptive  learning  rate  (ALR)  and 
momentum  term  in  the  training  rule.  Together  ALR  and 
momentum  facilitate  net  training  by  increasing  the  likeli¬ 
hood  of  escaping  shallow  local  minima  in  error  space  while 
rapidly  traversing  regions  characterized  by  relatively  grad¬ 
ual  error  descent  slopes.  These  features  reduced  train¬ 
ing  and  test  RMS  errors  by  20-30%  for  a  fixed  number 
of  training  epochs.  In  order  to  negotiate  the  deep  er- 
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ror  troughs  encountered  in  the  error  landscape,  an  adap¬ 
tive  hard-limit  (ALR-AH)  algorithm  was  developed.  The 
salient  feature  of  this  modification  is  an  adaptive  limit  on 
the  maximum  value  of  the  learning  rate. 

Both  uniform  pseudo-random  and  Nguyen-Widrow  ini¬ 
tialization  of  the  net  weights  and  biases  were  studied.  Net 
performance  did  not  appear  to  be  affected  by  the  type  of 
initialization.  Nets  were  trained  until  RMS  training  er¬ 
rors  stabilized;  nets  with  six  nodes  in  the  hidden-layer 
were  typically  trained  for  3000  epochs,  and  nets  with  4 
nodes  for  2000  epochs.  These  limits  reflect  good  compro¬ 
mises  between  complete  convergence  and  reasonable  train¬ 
ing  times.  Since  nets  that  are  trained  on  the  same  data 
but  randomly  initialized  will  inevitably  result  in  differing 
final  weights  and  RMS  errors,  an  ensemble  of  nets  were 
trained  for  the  case  studies  described  below.  Training  of 
the  net  using  the  KL  modes  of  the  input  data  was  also 
tested.  Using  only  the  highest  energy  modes  for  training 
and  testing  offers  the  possibility  of  reducing  net  complex¬ 
ity  without  compromising  retrieval  performance. 

3.  NEURAL  NET  RETRIEVAL  PERFORMANCE 

To  compare  the  retrieval  performance  of  a  neural  net  to 
that  of  the  nonlinear  statistical  retrieval  (NSR)  algorithm 
in  [1],  a  number  of  nets  with  four  and  six  hidden  nodes 
were  trained  on  the  entire  ensemble  of  data,  i.e.,  without 
partitioning.  The  nets  were  trained  with  both  brightness 
temperature  and  KL-transformed  data.  The  retrieval  per¬ 
formance  of  nets  using  KL  data  was  comparable  to  nets 
trained  with  brightness  temperatures.  However,  the  train¬ 
ing  on  KL  data  occasionally  resulted  in  nets  with  very 
large  RMS  errors.  Similarly  poor  performance  were  not 
observed  for  any  of  the  nets  using  brightness  tempera¬ 
tures,  thus,  brightness  temperature- based  retrievals  are 
used  in  the  comparison. 

The  results  for  retrievals  of  RR  and  integrated  ice  con¬ 
tent  (IIC)  at  both  full  and  degraded  resolution  using  the 
NSR  algorithm  and  neural  net  are  summarized  in  Table 
1  (see  also  Figures  2a  and  b).  The  better  of  the  KL  or 
brightness  temperature  (BT)  retrievals  from  [1]  appear  in 
the  table.  The  retrieval  performance  of  6-node  nets  was 
slightly  better  than  for  the  4-node  nets.  However,  the  4- 
node  nets  have  approximately  the  same  number  of  degrees 
of  freedom  as  does  the  NSR  algorithm,  so  these  results  are 
used  in  the  comparison. 

The  first  mectsure  of  performance  in  the  table  is  the 
standard  deviation  of  the  retrieval  error.  The  second  is 
unconstrained  accuracy  (a^),  defined  as  the  percentage  of 
pixels  with  retrieval  errors  less  than  1.0  mm/hr  RR  or  0.5 
kg/m“  IIC.  The  final  measure  is  a  constrained  accuracy 
(a-c),  and  is  the  same  as  Uy,  except  that  only  those  pixels 


with  true  RR  greater  than  0.01  mm/hr  or  IIC  greater  than 
0.001  kg/m2  are  included  in  the  calculations.  The  neural 
nets  always  have  a  smaller  error  standard  deviation,  and 
in  three  of  the  four  cases  have  higher  values  of  and  Oc- 

Table  1.  Rain  rate  (RR)  and  integrated  ice 
content  (IIC)  retrieval  performance  comparisons 
between  a  nonlinear  statistical  and  neural  net 
_ algorithm, _ 


RR 

Of,  (mrn/hr) 
<!„  (%) 

Oc  (%) 

NSR(BT) 

1.93 

90.7 

46.2 

FR 

NN(4-node) 

1.63 

92.5 

56.2 

DR 

NSR(KL) 

6.20 

88.9 

36.6 

(1.6m) 

NN(4-node) 

5.33 

88.6 

35.6 

IIC 

NSR(BT) 

NN(4-node) 

NSR(KL) 

NN(4-node) 

(kg/m^) 

0.91 

0.34 

1.36 

0.93 

au  (%) 

92.2 

94.5 

90.4 

91.0 

ac  (%) 

87.2 

90.1 

84.2 

85.2 

4.  SENSOR  TRADEOFF  SIMULATION 

The  neural  net  retrieval  operator  was  used  to  study  the 
tradeoffs  in  rain  rate  retrieval  accuracy  for  specific  channel 
sets  and  sensor  resolutions.  To  this  end,  equal-size  train¬ 
ing  and  test  data  sets  were  created  by  pseudo-random 
partitioning  of  the  entire  five-frame  data  set.  Figure  3 
shows  plots  of  the  standard  deviation  of  the  net  output 
error  and  Uc  for  FR  and  DR  4-node  RR  retrievals.  The  ab¬ 
scissa  indicates  the  particular  channel  case:  0  denotes  the 
use  of  all  6  channels,  1  denotes  the  use  of  only  the  6.0  GHz 
channel,  etc...,  6  denotes  the  use  of  only  the  89  GHz  chan¬ 
nel.  Retrieval  performance  on  the  training  set  is  shown 
with  solid  lines,  and  test  set  with  dashed  lines.  The  error 
bars  reflect  the  use  of  two  realizations  for  each  condition 
to  provide  a  measure  of  the  simulation  noise  inherent  in 
the  use  of  neural  nets. 

Using  only  the  6.0  GHz  channel  results  in  a  FR  retrieval 
error  not  too  much  greater  than  those  achieved  by  the  nets 
trained  on  all  channels.  The  worst  retrieval  is  obtained 
using  the  36.5  GHz  channel  alone,  a  consequence  of  the 
bimodal  nature  of  the  brightness  variations  over  oceanic 
convection  for  this  channel.  The  6.0-  and  10.67  GHz  chan¬ 
nels  are  the  most  useful  in  the  FR  single-channel  case.  For 
the  DR  case,  the  most  useful  channel  is  at  a  higher  fre¬ 
quency  (e.g.,  18.7  or  89  GHz).  This  conclusion  is  expected 
since  the  higher  frequency  channels  provide  better  spatial 
resolution,  and  hence  better  accuracy  at  any  given  pixel. 

The  training  rate  on  a  100  MHz  486  computer  for  a 
net  with  6  hidden  nodes  and  training  on  all  of  the  avail¬ 
able  data  (20480  pixels  with  6  brightness  temperatures 
each)  was  about  six  seconds  per  epoch;  machine  usage 
was  approximately  six  million  flops  per  epoch.  In  general 
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the  training  time  and  total  operation  count  were  found 
to  scale  well  to  the  number  of  hidden  nodes  and  the  size 
of  the  training  set  and  weakly  with  the  number  of  input 
channels  or  modes,  as  expected  fom  complexity  calcula¬ 
tions. 


5.  SUMMARY 

Feedforward  multilayer  neural  nets  were  trained  on 
brightness  temperatures  from  simulated  brightness  im¬ 
ages  of  a  tropical  convective  storm.  Data  was  available 
for  five  stages  of  the  storm’s  development.  The  nets  were 
trained  to  retrieve  rain-rate  (RR)  and  integrated  ice  con¬ 
tent  (IIC)  using  the  backpropagation  algorithm.  The  re¬ 
trieval  performance  of  these  nets  was  compared  to  that 
of  a  nonlinear  statistical  retrieval  algorithm.  The  results 
suggest  that  the  neural  net  estimators  will  be  at  least 
as  accurate  in  precipitation  parameter  retrieval  as  con¬ 
ventional  nonlinear  statistical  methods,  and  that  KL  pre¬ 
filtering  can  potentially  improve  net  performance.  Neural 
net  retrieval  operators  were  also  used  to  determine  the 
importance  of  individual  single  radiometric  channels  and 
sensor  spatial  resolution  to  rain  rate  retrieval  accuracy. 
The  reduced  spatial  resolution  available  when  observing 
with  low-frequency  microwave  channels  in  low-Earth  orbit 
(i.e.,  6.0  and  10.7  GHz)  makes  these  channels  significantly 
less  useful  for  precipitation  parameter  retrieval  than  cer¬ 
tain  higher  frequency  channels  (e.g.,  18.7  and  89  GHz). 
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Figure  1:  Block  diagram  of  the  passive  microwave  simula¬ 
tion  and  retrieval  process.  The  neural  net  estimator  was 
used  in  the  retrieval  stage. 
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Training  (-)  and  Test  (-)  Results:  Rain  Rato.  Full  Resolution 


1.6m  Resolution 


Training  (>)  and  Test  (-)  Results:  Rain  Rate,  1 .6m  Resolution 


Figure  2:  Scatter  plot  of  rain  rate  retrieved  from  (a)  FR 
imagery  and  (b)  DR  imagery  using  a  six  node  neural  net 
and  six  radiometric  channels  (6.0,  10.7,  18.7,  23.8,  36.5, 
and  89.0  GHz). 


Figure  3:  Plots  of  the  (a)  standard  deviation  of  the  net 
output  error  and  (b)  constrained  accuracy  Gc  for  FR  and 
DR  (1.6m)  neural  net  rain  rate  retrieval.  A  4-node  net 
was  used. 
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Abstract  -  A  method  for  estimating  the  10%  height  of  water 
vapor  in  the  atmosphere  is  presented.  This  10%  height  is 
the  altitude  below  which  10%  of  the  atmospheric  water 
vapor  vertical  distribution  occurs.  The  estimation  is  based 
on  a  time  series  of  ground-based  measurements  of  integrated 
water  vapor,  and  results  from  the  behavior  of  the  turbulence 
structure  function  for  water  vapor  outside  of  the  outer  scale 
of  tropospheric  turbulence.  This  behavior  is  demonstrated  by 
a  model  which  expands  on  earlier  work  by  Treuhaft  and 
Lanyi  on  the  behavior  of  atmospheric  turbulence  in  a 
’’frozen"  atmosphere.  The  model  integrates  statistics  of  the 
climatological  average  water  vapor  profile  with  wind  and 
integrated  water  vapor  measurements.  Microwave  water 
vapor  radiometer,  radar  wind  profiler,  and  radiosonde  data 
from  the  Continental  Stratus  campaign  have  been  processed 
and  the  results  are  presented  in  support  of  the  model.  It  is 
shown  that,  through  the  combination  of  integrated  water 
vapor  data  from  a  microwave  radiometer,  wind  profile  data 
from  a  tropospheric  radar,  and  a  realistic  model  created  with 
local  radiosonde  launches,  the  water  vapor  10%  height  in  the 
atmosphere  can  be  successfully  predicted  with  a  simple 
algorithm. 


INTRODUCTION 
Treuhaft  and  Lanyi  Model 

Much  work  has  been  done  towards  the  modeling  of 
turbulence  in  atmospheric  water  vapor  with  varying  degrees 
of  success.  In  particular,  the  work  of  Treuhaft  and  Lanyi  [1] 
served  as  a  basis  for  the  ideas  presented  here. 

Assumptions  of  the  Treuhaft  and  Lanyi  Model:  The  model 
used  by  Treuhaft  and  Lanyi  had  several  important 
assumptions.  Treuhaft  and  Lanyi  modeled  atmospheric 
water  vapor  as  a  flat  slab,  which  had  a  constant  mean  density 
of  water  vapor  from  the  ground  to  some  height,  h,  and  no 
water  vapor  for  altitudes  greater  than  h.  Their  model 
assumed  a  ’’frozen"  atmosphere,  which  is  one  in  which  the 
wind  speed  is  high  enough  that  no  appreciable  change  occurs 
in  the  turbulence  structure  in  the  time  necessary  for  the 
turbulence  structure  to  flow  over  some  fixed  point  on  the 


ground.  This  assumption  allows  the  transformation  of  a 
temporal  series  of  measurements  into  an  apparent  spatial 
series  if  an  effective  wind,  which  can  be  seen  as  driving  the 
turbulence  structure  over  the  ground  site,  can  be  determined. 
Treuhaft  and  Lanyi  also  assumed  perfect  Kolmogorov 
turbulence  within  their  slab. 

Kolmogorov  turbulence:  This  model  of  turbulence  is 
characterized  by  the  behavior  of  a  structure  function 

Df(r)  =  {{fix  +  r)-mf)  (1) 

of  some  constituent  present  in  the  turbulent  field.  This 
structure  function  will  have  a  power  law  behavior  [2]  in  a 
range  of  separations  called  the  inertial  subrange 

DAf)  =  C%r\f''  (2) 

which  divides  the  microscale  of  turbulence  from  the  outer 
scale  of  turbulence.  Equation  (2)  assumes  local  isotropy  in 
the  turbulent  structure,  which  leads  to  the  structure  function 
being  only  a  function  of  the  magnitude  of  the  separation. 
For  atmospheric  turbulence,  the  inner  scale  of  turbulence  is 
on  the  order  of  magnitude  of  a  few  millimeters,  while  the 
outer  scale  is  in  the  tens  of  meters  [3]. 

Conclusions  of  Treuhaft  and  Lanyi:  Treuhaft  and  Lanyi 
found  that  the  power  law  exponent  in  (2)  varied  when  a  local 
fit  to  the  structure  function  of  integrated  water  vapor  with 
separation  distance  was  performed.  This  exponent  assumed 
a  value  of  1.67  for  small  separations  and  decreased  to  0.67 
for  separations  much  greater  than  the  thickness  of  the  water 
vapor  slab.  When  the  separation  was  approximately  equal  to 
the  thickness  of  the  water  vapor  slab,  the  exponent  was 
approximately  1,  and  the  rate  of  change  of  the  power  law 
exponent  with  separation  was  greatest  there. 

Our  Improved  Model 

Model  Description:  A  new  model  for  modeling  the  effects  of 
turbulence  on  atmospheric  water  vapor  has  been  created 
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based  on  this  work.  This  improved  model  includes  a  more 
realistic  water  vapor  profile  as  well  as  some  measure  of  the 
cross-correlation  of  water  vapor  variability  at  different 
altitudes.  The  water  vapor  profile  used  in  the  improved 
model  is  taken  directly  from  radiosonde  measurements.  This 
should  provide  more  realistic  results  than  a  slab  model.  The 
cross-correlations  between  heights,  which  were  calculated 
from  18  radiosonde  launches  over  a  two  month  period,  were 
included  in  the  model  to  more  accurately  portray  the 
apparent  lack  of  interaction  between  the  boundary  layer, 
which  is  the  well-mixed  portion  of  the  atmosphere  extending 
from  the  ground  to  a  few  kilometers,  and  the  free 
atmosphere,  which  is  the  portion  of  the  atmosphere  above 
the  boundary  layer.  The  free  atmosphere  is  characterized  as 
a  more  laminar  flow  than  the  boundary  layer.  The 
variability  in  the  free  atmosphere  is  relatively  independent  of 
those  in  the  boundary  layer.  The  cross-correlation  we 
calculated  is  fairly  strong  within  the  boundary  layer  and  the 
free  atmosphere,  but  is  weak  between  these  two  regimes. 
The  equation  describing  the  model  is  included  in  the  next 
section. 

Method  of  estimating  the  10%  water  vapor  height:  In  the 
new  model,  the  10%  water  vapor  height  can  be  estimated  by 
noting  that  the  power  law  exponent  in  (2)  appears  to  be 
related  to  some  measure  of  the  thickness  of  the  water  vapor 
distribution.  Based  on  this,  we  sought  a  relationship 
between  the  height  of  the  water  vapor  and  the  power  law 
exponent  in  the  structure  function  at  a  specific  separation. 
The  separation  that  we  picked  was  the  10%  water  vapor 
height  of  the  average  profile  created  by  averaging  the  water 
vapor  density  of  each  of  the  18  radiosondes. 

MODEL 

The  model  used  to  calculate  the  integrated  water  vapor 
structure  function  follows  Treuhaft  and  Lanyi’s  derivation, 
with  two  major  changes.  The  first  change  is  the  use  of  real 
water  vapor  profiles  from  radiosonde  observations  in  place  of 
the  slab  profile.  The  second  modification  is  the  inclusion  of 
cross-correlations  between  water  vapor  densities  at  different 
altitudes.  These  cross  correlations  are  used  to  modify  the 
turbulence  model  used  from  one  which  is  purely  Kolmogorov 
to  one  which  closely  approximates  Kolmogorov  within  either 
the  boundary  layer  or  the  free  atmosphere  (where  the  cross 
correlations  were  relatively  high)  and  approximates 
independence  when  the  heights  are  on  opposite  sides  of  the 
dividing  line  between  these  two  regimes  (where  the  cross 
correlations  were  relatively  low).  Factoring  in  the  cross¬ 
correlation  effectively  makes  our  model  into  two  slabs,  one 
representing  the  boundary  layer  and  one  representing  the  rest 
of  the  atmosphere,  but  gives  us  a  mathematical  way  to 


calculate  a  structure  function  across  the  boundary  layer  and 
into  the  free  atmosphere. 

The  final  improved  model  is 

Diwv{r)  =  C^j  J  w(z)w(z')r^(z,z')  ■ 

0  0 

|(Vr"+(z-z0^f’  -  (z  -  zT^^zdz'  (3) 

where  C  is  a  structure  function  constant,  w(z)  is  the  water 
vapor  at  height  z,  r^(z,  z')  is  the  correlation  coefficient 
between  heights  z  and  z’,  and  r  is  the  horizontal  separation. 
The  structure  functions  and  local  power  law  exponents  ftom 
this  model  are  in  similar  to  the  results  in  Treuhaft  and 
Lanyi. 

DATA 

The  data  used  here  were  collected  during  spring  1995  in 
State  College,  Pennsylvania,  which  has  a  continental  mid¬ 
latitude  climate.  Integrated  water  vapor  measurements  were 
made  every  5  seconds  by  the  Penn  State  University 
Meteorology  Department's  microwave  radiometer.  The 
water  vapor  profiles  were  measured  by  Vaisala  RS-80 
radiosondes,  which  were  launched  from  the  radiometer 
location.  The  wind  profiles  were  fi’om  the  Penn  State 
stratosphere-troposphere  radar,  which  is  located 
approximately  20  km  south  of  the  radiometer  location. 
TTiese  measurements  were  a  part  of  the  Continental  Stratus 
intensive  field  operations  Phase  II. 

PROCESSING 

Using  the  "frozen”  atmosphere  assumption,  profiler 
measured  winds  at  an  altitude  of  1  km  above  ground  level 
were  used  to  create  a  spatial  series  of  integrated  water  vapor 
from  a  2  hour  temporal  series  of  radiometer  data  around 
each  radiosonde  launch.  The  structure  functions  for  each 
period  were  calculated,  and  for  each  period  the  structure 
function  value  at  a  separation  of  one  sample  (5  seconds)  was 
subtracted  from  the  structure  function  at  all  separations. 
This  value  was  assumed  to  primarily  result  from  radiometer 
AT  noise.  This  noise  can  be  shown  to  corrupt  the  structure 
function  calculation.  Some  question  as  to  the  correct  value 
to  remove  remains  as  the  value  subtracted  is  somewhat 
larger  than  the  AT  noise  calculated  for  the  radiometer.  The 
resulting  structure  function  was  smoothed  by  a  5-point 
triangular  filter. 

From  the  resulting  structure  functions,  the  respective 
local  power  law  exponents  were  calculated  by  doing  a  3- 
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point  linear  fit  to  the  common  logarithm  of  the  structure 
function  versus  the  common  logarithm  of  the  separation 


Figure  1.  Power  law  exponents  for  two  sample  structure 
functions  from  radiometer  data. 

distance.  The  analytical  derivative  of  the  linear  fit  at  each 
point  was  taken  to  find  the  slope  which  is  the  local  power 
law  exponent. 

The  power  law  exponents  of  two  sample  structure 
functions  are  shown  in  Fig.l.  The  data  indicated  by  the 
filled  squares  is  from  a  period  with  a  10%  height  of  132 
meters,  while  the  data  represented  by  filled  triangles  is  from 
a  period  with  a  10%  height  of  280  meters.  It  is  because  of 
the  difference  in  power  law  exponent,  which  is  evident  in 
Fig.l,  that  we  are  able  to  estimate  the  10%  height.  As 
shown  in  Fig.l,  the  exponent  for  the  132  meter  data  should 
be  smaller  than  that  for  the  280  meter  data  due  to  the 
decrease  of  exponent  with  increasing  separation  to  height 
ratio. 

RESULTS 


The  match  between  Fig.  2  and  Fig.3  appears  to  be  fairly 
good,  and  leads  one  to  suspect  that  one  could  estimate  10% 
water  vapor  height  from  only  integrated  liquid  water  vapor 
and  wind  data. 


Figure  2.  Comparison  of  exponent  at  fixed  separation  with 
10%  water  vapor  height.  Results  from  the  model. 


Figure  3.  Comparison  of  exponent  at  fixed  separation  with 
10%  water  vapor  height.  Results  from  radiometer  data. 


The  10%  height  of  the  average  water  vapor  profile  is  335 
meters.  In  order  to  estimate  the  10%  height  of  the  individual 
profiles,  we  calculate  the  power  law  exponent  at  335  meters. 
The  power  law  exponent  of  each  structure  function 
calculated  from  the  model  (using  the  individual  radiosonde 
profiles  rather  than  the  average  profile)  is  shown  in  Fig.2 
versus  the  individual  10%  water  vapor  heights.  The  power 
law  exponent  of  each  structure  function  calculated  from  the 
radiometer  data  was  then  compared  to  the  10%  water  vapor 
height,  as  shown  in  Fig.3.  The  smaller  number  of  points  in 
Fig.3  is  due  to  equipment  dropout  and  sampling  problems 
due  to  the  variations  in  wind  speed  while  the  sampling  rate 
of  the  radiometer  remained  constant. 


REFERENCES 

[1]  R.N.  Treuhaft  and  G.E.  Lanyi,  "The  effect  of  the 
dynamic  wet  troposphere  on  radio  interferometric 
measurements,"  Radio  Science,  vol.  22,  no.  2,  pp.  251- 
265,  March-April  1987. 

[2]  V.I.  Tatarskii,  Wave  Propagation  in  a  Turbulent 
Medium,  New  York:  Dover,  1961,  pg.  32. 

[3]  A,  Ishimaru,  Wave  Propagation  and  Scattering  in 
Random  Media,  vol.  2.  New  York:  Academic  Press, 
1978,  pg.  369. 


1694 


Feasibility  of  A  New  Ground-based  Microwave  Measurement  Method 
for  the  Atmospheric  Water  Vapor 


Shinobu  Hashimoto,  Nariharu  Yamashita  and  Takayoshi  Mikami 
Marine  Production  System  Science,  Faculty  of  Fisheries,  Hokkaido  University 
Minato-machi  3-1-1,  Hakodate,  Hokkaido  041,  Japan 
Tel.  0138-40-8520,  Fax  0138-40-8849 


Abstract  -  Our  method  for  the  atmospheric  water  vapor 
measurement  assums  quasi-stable  nature  of  tlie  atmospheric 
w'ater  vapor  absorption.  To  detennine  tlie  effect  of  tlie 
fractional  instability  on  tlie  integrated  water  vapor 
estimation,  computer  simulations  are  carried  out  using 
radio  sonde  data  at  Yonago  station  of  Japan  Meteorological 
Agency  in  1993.  Tlie  results  show  that  the  errors  are  less 
than  5  %  for  tlie  cold  and  dry  weatlier  conditions  in 
February,  when  the  error  is  generally  increased.  Furtlier 
improvement  of  the  measurement  accuracy  are  discussed. 

INTRODUCTION 

Authors  have  proposed  a  new  ground-based  microwave 
measurement  of  tlie  atmospheric  water  vapor  using  solar 
extinction  measurement  [1],  which  consists  of  the  following 
major  points:  (1)  utilization  of  the  quasi-stable  nature  of 
theweigliting  function  of  the  absorption  W(f,z),  or  the 
functioiiof  the  absorption  coefficient  divided  by  water 
vapor  density,  (2)the  relative  intensity  between  two 
frequencies  in  the  22  GHz  absorption  spectrum  is  used  as 
the  measure  of  the  water  vapor  concentration,  and  (3)  a 
multifrequency  radiometer  having  two  different  beamwidtli 
antennas  continuously  measures  tlie  antenna  temperature 
difference  relating  the  solar  extinction,  and  the  relative 
intensity  of  the  water  vapor  absorption.  The  output  is  free 
from  the  fluctuation  of  the  solar  radiation  and  the  thennal 
emission  of  the  atmosphere. 

The  fractional  variation  of  the  weighting  function  for  a 
wide  variety  of  variation  of  atmospheric  conditions 
deleniiincs  theoretical  accuracy  limit  of  the  measurement. 
The  resolution  of  the  relative  intensity  measurement  is  also 
dependent  on  the  atmospheric  conditions  for  a  given 
radiometer  resolution . 

The  aim  of  this  investigation  is  to  estimate  possible 
errors  due  to  the  residual  variation  of  the  weigliting 
function  and  the  radiometer  measurement  errors  for  tlie 
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various  atmospheric  conditions  by  computer  simulation 
using  die  radio  sonde  data  at  Yonago  Station,  Japan 
Meteorological  agency,  in  1993. 

EFFECTS  OF  VARIATION  OF  WEIGHTING 
FUNCTION 

The  weighting  function  W{f^)  of  the  atmospheric  water 
vapor  absorption  is  a  stable  function  which  has  the  unique 
altitude  variation  for  each  frequency.  Variation  of  the  water 
vapor  density  and  die  temperature  affects  small  second 
order  effect  on  the  weighting  function.  These  fractional 
variations  of  the  weighting  function  are  dependent  on  the 
frequency,  and  approximately  symmetrical  in  both  sides  of 
die  absorption  center  frequency.  Therefore,  in  our  method 
using  relative  intensity  of  the  absorption,  further  suppressed 
effects  of  the  weigliting  function  variation  on  the  water 
vapor  estimation  can  be  expected  by  the  selection  of  the 
frequency  pair  of  the  measurement. 

Radiometer  measures  water  vapor  absorption  in  terms  of 
die  relative  intensity,  and  then  produces  the  difference  of 
opacity  of  the  atmosphere  by  the  following  steps: 

(1)  Radiometer  having  two  different  beamwidtli  antemias 
measures  die  antemia  temperature  difference  Tm(f,  0  ) 
=TA2{f,  6  yrAl{f,  0  ),  where  TAl  and  TA2  are  the 
temperatures  of  each  antenna,  and  Tm  is  die  temperature 
difference.  0  is  die  solar  zenith  angle.  The  thermal 
emission  component  is  canceled  out  in  the  antemia 
temperature  difference. 

(2)  The  relative  intensity  of  the  absorption  at  frequency  fl 
and  f2,  R(fl l/2)=Tm(fl ,  0  )/  Tm{f2^  Q  ),  is  used  to 
estimate  the  opacity  difference  [  r  (/2)-  r  (/J)].  The  opacity 
difference  is  free  from  fluctuation  of  the  solar  radiation. 

The  opacity  difference,  on  die  other  hand,  is  given  in 
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terms  of  the  composite  weigliting  function,  [W(f2^y  Radiometer  resolution  /\T  in  the  measurement  of  the 
water  vapor  density  p(z)as  antenna  temperature  difference  detennines  the  estimation 

error  of  the  relative  intensity  and  the  opacity  difference  in 
00  (2). 

[xC/2) -xC/7)]  -J^  p{z)[W{fi,z) -  W(Jl,z)]ck  (1)  Assuming  tlie  radiometer  resolution  of  each  frequency  is 

equal  AT ,  and  tlie  diameters  of  two  antemias  are  D1  and 

Frequency  pair  is  selected  so  as  to  have  a  quasi-constant  T)2,  respectively,  tlie  measurement  errors  in  tlie  relative 

value  of  die  composite  weigliting  function  along  the  intensity  and  die  opacity  difference  are  given  by  [3] 

altitude,the  opacity  difference  becomes  proportional  to  the 
integrat-ed  water  vapor. 

In  estimation  of  the  integrated  water  vapor,  we  define  the 
weiglited  mean  of  the  composite  weigliting  function  ^ 
using  the  standard  exponential  decay  of  water  vapor  along 

altitude  as  die  weiglit.  £  = - -  (6) 

^  [T(y;)-T(;^-)]sece 

The  estimated  integrated  water  vapor  V*  is  given  by 

_  Tliese  are  also  depended  on  the  atmospheric  conditions. 

V*=[x(f2)-x(fl)]/w-  (2) 


Cloud  add  a  nonresonant  absorption  diat  is  proportional  to 
the  square  of  frequency  over  the  whole  region  of  22  GHz 
water  vapor  spectrum  [2].  Cloud  contribution  in  opacity 
(J)  at  any  frequency  can  be  related  as 


From  the  symmetrical  property  of  die  weigliting  function, 
we  can  select  two  pairs  of  composite  weighting  functions 
which  are  approximately  proportional  to  each  odier  by  a 
constant  y4, 

Tlie  opacity  difference  due  only  to  die  water  vapor  and 
cloud  absorption  can  be  separately  estimated  using  the 
opacity  difference  measured  at  two  pairs  of  frequency 
points  and  (fin,Jh)  and  using  (3)  and  (4). 

The  Pairs  of  composite  weighting  functions  used  in  (1) 
and  (4)  should  have  approximately  equal  dependence  on  the 
variation  of  atmospheric  conditions.  The  residual  variations 
of  these  composite  weigliting  functions  detennine  the  error 
in  estimation  of  integrated  water  vapor. 

RADIOMETER  RESOLUTION  AND 
OPACITY  DIFFERENCE  ERROR 


ESTIMATION  OF  ERRORS  USING 
RADIO  SONDE  DATA 

To  detennine  errors  in  estimation  of  the  integrated  water 
vapor  due  to  die  residual  variation  of  die  composite 
weigliting  functions  for  die  possible  variation  in  die  real 
atmosphere,  computer  simulations  were  carried  out  using 
radio  sonde  data  at  Yonago  Station  of  Japan 
Meteorological  Agency  in  1993. 

Tlie  altitude,  pressure,  temperature  and  water  vapor 
density  data  on  each  day  (twice  a  day)  are  used  to  calculate 
die  antenna  temperature  difference,  die  relative  intensity, 
the  opacity  difference  and  separation  of  cloud  contribution 
for  die  frequency  pairs  of  (23.9-20.6)  GHz  and  (24.5-18.0) 
GHz,  widi  and  widiout  uncertainty  of  radiometer  0.1  K. 

The  integrated  water  vapor  F*  in  (2)  are  estimated  using 
die  opacity  difference  and  the  weighted  mean  of  composite 
weigliting  function  for  the  frequency  pair  of  (23.9-20.6) 
GHz,  and  compared  with  the  true  values  V  obtained  by 
integrating  the  density  profiles  of  the  sonde  data. 

In  die  above  calculations,  in  (2)  is  decided  for  the 
standard  atmosphere  widi  temperature  of  283  K,  water 
vapor  density  of  10  g/m^  at  ground  level,  and  die 
radiometer  antenna  diameters  are  assumed  Z)/  =  30  cm, 
D2  =  200  cm. 

Two  typical  examples  of  the  results  are  shown  in  Fig.  1 
and  Fig.  2  for  the  dry  and  cold  weather  condition  in 
February,  and  for  the  hot  and  humid  condition  in  August, 
respectively.  X  and  #niarks  in  both  figures  show  errors  in 
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estimation  of  integrated  water  vapor  due  to  weigliting 
function  variation  for  the  sonde  data  at  8:30  a.m.  and  at 
8:30  p.m.,  respectively.  Tire  vertical  bars  show  tlie 
uncertainty  due  to  tlie  radiometer  resolution. 

DISCUSSIONS 

The  data  scatter  in  Fig.  1  and  Fig.  2  are  considered  due 
to  tlie  residual  variation  of  real  composite  weighting 
function,  and  tlie  deviation  from  tlie  weiglited  mean 
used  for  estimation.  Comparably  large  deviations  of  data  in 
Fig.  1  are  understood  due  to  large  deviation  from  the 
weighted  mean  for  the  cold  and  dry  atmosphere  in 
February.  It  is  considered  that  tlie  relatively  large 
dependence  of  the  (24.5-18.0)  GHz  composite  weighting 
function  on  the  temperature  variation  is  one  of  the  error 
source. 

For  further  improvement  of  the  estimation  accuracy,  it 
would  be  expected  to  select  other  frequency  pair  having 
less  residual  variation,  and  more  effectively,  to  use 
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Fig.  1  Estimation  erroe  of  integrated  water  vapor. 
Computer  simulation  using  radio  sonde  data 
at  Yonago  in  February  1993. 


different  weighted  mean  from  tlie  known  atmospheric 
parameters  at  ground  level. 

REFERENCES 

[1] S.  hashimoto,  "A  New  Simplified  Water  Vapor 
Measurement  Using  a  Multifrequency  Microwave 
Radiometer  with  Two-Different-Beamwidth  Ant¬ 
ennas,"  Trans.  GRS,  vol.  30,  no.  4,  pp.  832-837, 

July  1992. 

[2]  D.  H.  Staelin,  "measurements  and  Interpretation 
of  the  Microwave  spectrum  of  the  Terrestrial 
Atmosphere  Near  1 -centimeter  Wavelengtli," 

J.  Geophys.  Res.,  vol.  71,  no.  12,  pp.  2875-2881, 

June  1966. 

[3]  S.  Hashmioto,  "Estimation  of  Errors  in  tlie  Two- 
Beamwidtli-Anterma  Method  for  Microwave 
Measurement  of  Atmospheric  Water  Vapor," 
in  Microwave  Radionielry  and  Remote  Sensing  of 
tlie  Enviromnent,  D.  Solimini,  Ed.  Utrecht:  VSP, 

1995,  pp.53-63. 


8/1  8/10  8/20  8/31 

DATE 


Fig.  2  Estimation  erroe  of  integrated  water  vapor. 
Computer  simulation  using  radio  sonde  data 
at  Yonago  in  August  1993. 
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Abstract  -  The  possibilities  to  restore  of  humidity  profi¬ 
les  from  sateUitedata  in  the  atmosphere  transparency 
window  0.3  cm  and  water  vapour  resonance  1.35  cm  ha¬ 
ve  been  investigated.  Numerical  simulations  have  been 
carried  out  and  the  accuracy  of  determination  of  humidi¬ 
ty  profiles  have  been  discussed. 

1.  INTRODUCTION 

One  of  the  actual  problems  of  remote  sensing  is  the 
restoration  of  humidity  height  profiles  from  the  measu¬ 
rements  of  upgoing  radiation  of  the  atmosphere-  under¬ 
lying  surface  system  in  the  microw'ave  range.  Usually  this 
problem  has  been  studied  in  the  water  vapour  resonant 
regions  [1,2].  However,  we  have  found  that  some  atmos¬ 
phere  tran.sparency  windows  have  a  sufficiently  high  sen¬ 
sitivity  of  radio  brightness  temperatures  to  the  variation 
of  specific  humidity  height  profiles.  In  this  work  we  in¬ 
vestigate  the  possible  retrieval  of  atmosphere  humidity 
profiles  from  the  measurements  of  upgoing  radiation 
both  at  the  resonant  region  1.35  cm  and  the  atmosphere 
transparency  window  0.3  cm. 

2.PHYSICAL  SETTING  OF  AN  INVERSE 
PROBLEM 

An  initial  integral  equation  to  determine  humidity 
profiles  from  radiometric  measurements  is  a  relation  for 
variations  of  radio  brightness  temperatures  of  upgoing 
radio  emission  5r3t[3] : 

H 

5rBt=  exp(  -T^^(h,H))  dh+ 

0 

H 

+ 1  ?^(h)[Wi)-TB^(h)]  exp(  (h,H))  dh  + 

0  (1) 

+  {(\-R^'y>T^  +  [Tb  avi(0)-7’J8R  -I- 

+  ^573^(0)}  exp(-Tm  , 

H 

w'here  STgi  =  J  &T{h)  exp  ( (0,h))  dh  + 

0 

H 

+ 1 5y(/))  [T{h)  -  T^kh)]  exp  ( dh  , 

0 
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?>T{h)=T{h)-T^\h),  dY(h)=yih)-y^^(h)  and  etc.  The  tem¬ 
perature  absorption  coefficient  y®'^(/»)  etc.  are  re- 

hl 

latcd  to  the  standard  atmosphcrc.In  (1)  t(/!j,/i2)=J  y(h)dh 


is  the  optical  depth  of  the  atmospheric  layer  {h\,hi^, 
is  the  total  optical  depth  of  the  atmosphere,  H 
is  the  upper  boundary'  of  the  atmosphere. 

The  physical  basis  of  setting  the  inverse  problem  gi¬ 
ven  is  the  existence  of  significant  variations  of  radio 
brightness  temperatures  caused  by  variations  of  humidity 
height  distribution  at  a  constant  content  of  water  vapour 
mass  in  a  vertical  atmospheric  column. 

The  estimations  of  radio  brightness  temperatures 
were  carried  out  for  different  models  of  specific  humidity 
distributions  with  fixed  values  of  the  total  water  vapour 
mass  of  a  vertical  atmosphere  column  [4]: 


exp(-<x/j),  0<  /:  <  Ibicm 

q{h)  =  \  (2) 

^(16)  ,  16</?<80Kin 

Parameters  a  were  taken  equal  to  and 

where  are  rms  deviations  of  a.Notations 
and  q_^  correspond  to  profiles  with  a=  a  =a^^- 

and  q^^  to  profile  a=a^''.  The  variations  of  radio 

brightness  temperatures  were  calculated  using  meteorolo¬ 
gical  data  for  middle  -latitude  (zone  1)  and  near-equato¬ 
rial  (zone  2)  climatic  zones  [5].  In  these  zones  the  values 
of  are  respectively  0.336  km'^  and  0.331  km‘^; 
aQ^=0.1  km"^  The  values  q^  together  with  values  a  for 
profiles  qy  q^^  and  q^^^  at  fixed  values  of  total  water  va¬ 
pour  mass  Q  equal  to  2.29  g/cm^  (zone  1)  and  5.14  g/cm- 
(zone  2)  are  given  in  Table  1. 

The  estimations  of  STgt  variations  were  made  for 
the  cases  of  satellite  nadir  soundings  over  a  smooth  wa¬ 
ter  surface  for  the  variations  of  humidity  profiles: 


Table  1. 


Zone 

Parame- 

lers 

9+a 

qay 

?-a 

1 

a,  km'* 
Qr.,  g/g 

0,436 

0,0103 

iwi 

IHi 

2 

a,  km'* 

0,431 

0,02386 

0,331 

0,0192 
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(6) 


5q+a(h)  =  q+a(h)-g^''(h) 

^q.a  (^)  =  q-a  (*)  -  (^)  ('^) 

Variations  of  STgt  at  the  resonance  1 .35  cm  attain  va- 
lues  of  7.5  K  for  humidity  variations  5q_^  and  -2.4  K 

for  middle-latitude  zone.In  the  near-equato¬ 

rial  zone  these  values  attain  respectively  6.6  K  and  - 
2.5  K.  For  the  radiometer  bandwidth  5v=400-600  MHz 
the  brightness  temperature  variation  at  1.35  cm  decrease 
cor-rcspondingly  to  1.7- 1.3  K.  Variations  Sr^t  at 
0.3  cm  do  not  practically  depend  on  the  reception 
bandwidth  and  are  equal  modulo  1.2 -3.5  K  for  the 
given  humidity  profile  variations. 

We  investigated  as  well  the  influence  of  the  surface 
temperature  and  the  atmosphere  temperature  profile  on 
the  variations  of  radio  brightness  temperature.  The  nu¬ 
merical  simulation  of  a  radiometric  experiment  has 
shown  that  the  change  of  surface  temperature  by  1  K 
leads  to  the  variations  of  the  radio  brightness  temperatu¬ 
re  at  1.35  cm  and  0.3  cm  within  0.3  K.  If  the  temperature 
profile  over  the  whole  height  changes  by  1  -  2  K 
brightness  temperature  will  change  by  0.5  -  0.9  K  at  the 
wavelengths  considered. 

3.RESULTS  OF  HUMIDITY  PROFILE 
RESTORATION 

In  this  section  we  study  the  possibilities  to  restore 
specific  humidity  profiles  ^(h)  (inverse  problem)  at  the 
given  wavelengths  on  the  basis  of  a  numerical  simulati¬ 
on  for  an  ensemble  of  aerological  atmospheric  profiles 
above  equatorial  ocean  areas  obtained  onboard  the  re¬ 
search  sliip  (80  reahzation). 

The  equation  to  solve  an  inverse  problem  of  humidi¬ 
ty  sounding  for  the  known  temperature  profile  and  ref¬ 
lection  coefficient  for  nadir  observ^ations  has  the  follo¬ 
wing  form  according  to  (1): 

H 

5fgt(v)  =  |A:(v,//)5#)rf//,  (4) 

0 

where  the  kernel  of  integral  equation 

(h){[T^^'  (h)-  T^1(h)]  exp(  + 

(5) 

+  exp(-T  „  .  7’B>^(/^)]exp(-T  av  (0,/t))} 

and  SysP(/i)  =8yh20  f^q  ■ 

We  carried  out  the  computation  simulation  of  the  ex¬ 
periment  to  retrieve  humidity  profiles  from  radio  bright¬ 
ness  temperature  values  at  1.35  cm  and  0.3  cm  for  the 
errors  of  radiometric  measurements  ^7^=  0.5  -  2.0  K. 
RMS  variations  of  brightness  temperature  for  ensembles 
of  radio  sonde  humidity  profiles  above  equatorial  ocean 
areas  are  respectively  14.7  K  and  8.8  K  for  the  given 
wavelengths.  The  retrieval  was  made  by  the  statistical 
regularization  method  [6,7]: 


{KWK  +  Bqq-‘)5?  =  K'W?,T^'[  , 

where  K,  8q,  -  are  the  matrices  and  vectors  of  cor- 

responding  values  obtained  for  a  piecewise  difference 
approximation  of  equation  (4),  sign  '  denotes  transpositi¬ 
on,  W  is  the  diagonal  matrix  of  the  measurement  errors, 
is  correlation  matrix  of  the  specific  humidity.  Here 
we  used  and  obtained  for  the  given  ensemble 
of  aerologies  data.  The  elements  of  matrix  K  depend  on 
the  humidity,  so  equation  system  (6)  is  solved  by  the 
iteration  method.  At  the  first  iteration  the  matrix 
elements  are  calculated  using  values  T^^(h)  = 

T^i(K)  =  For  the  next  and 

following  iterations  these  values  are  calculated  using 
values  of  the  specific  humidity.  The  numerical 
simulations  have  shown  that  it  is  quite  enough  to  have 
tliree  iterative  loops. 

Table  2  gives  the  results  of  numerical  simulation  to 
retrieve  q(h)  from  simulated  measurements  with  error 
67^.=  0.5  K  for  different  frequencies  over  the  given 
aerological  ensemble.  The  results  obtained  show  the 
improvement  as  a  result  of  restoration  as  compared  with 
a  priori  uncertainty.  It  is  seen  from  the  results  of 
Table  2  that  the  humidity  in  low^er  atmospheric  layers 
(h  <  3  km)  is  restored  better  from  measurements  at 
k  =  0.3  cm  than  from  those  at  X  =  1.35  cm  and  vice 
versa  the  humidity  in  the  layers  h  >  3  km  is  restored 
better  at  X  =  1 .35  cm.  The  best  results  are  obtained  for 
atmospheric  sounding  at  two  frequencies.  The  results  of 
numerical  simulation  for  two  reception  bandwidths 
(5v  =  400  -  600  MHz)  differ  very  little  from  each  other. 

Table  2 

Relative  rms  climatic  variations  of  the  specific  humidity 
o^/q^^  and  relative  rms  errors  of  retrieval  of  humidity 
profiles  o^/q^^  at  dTj.-0,5K  for  different  heights 
(A.  1  =  1.35  cm,  ^9=0.3  cm) . 
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For  errors  of  radiometric  measurements  67’^=2  K  the 
relative  rms  errors  of  profile  restoration  q{h)  increase 
from  1  per  cent  to  8  per  cent  within  height  interval 
0  -  10  km. 

A  very  noticeable  improvement  in  profile  determi¬ 
nation  q{h)  from  retrieval  results  is  obtained  in  the  case 
of  a  stronger  contrast  of  the  desired  profile  from  the  ave¬ 
raged  one  ,  i.  e.  when  the  absolute  value  of  radio  bright¬ 
ness  temperature  variations  of  a  given  profile  exceeds 
rms  variations  of  radio  brightness  temperature  over  an 


ensemble.  Such  examples  of  the  retrieval  are  given  in 
Fig.l  and  Fig. 2.  Fig.l  corresponds  to  the  case  of 
humidity  distribution  q{h)<  q^^Qi)  and  Fig.2 
corresponds  to  that  when  q{h)  >q^^Qi).  The  follo\^ing 
designations  are  used  in  the  figures:  solid  curve  -  sonde 
values  of  the  specific  humidity  profile;  double  dot-and- 
dash  line  -  mean  ensemble  values  of  the  specific 
humidity;  dashed  line  -  restored  values  q{h)  for 
radiometric  measurement  error  87^,  =  0.5  K,  dot-and- 
dash  line  -  restoration  results  for  =  2.0  K. 
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ABSTRACT 


The  optimal  pair  of  frequencies  for  dual-frequency 
radiometer  presuming  the  presence  of  clouds  and  accounting 
on  the  possible  accuracy  of  the  instrument  are  investigated. 
The  water  vapor  and  liquid  water  contents  retrieved  from 
microwave  measurements  with  dual-frequency  radiometer 
were  averaged  over  various  types  of  clouds.  To  reduce  the 
influence  of  strong  cloud  conditions  the  third  frequency  band 
is  proposed.  Optimal  frequency  set  is  estimated  in  the  case  of 
zenith-looking  observation. 

INTRODUCTION 

Microwave  remote  sensing  of  the  atmosphere  by  means  of 
radiometers  usually  includes  obtaining  the  water  vapor  and, 
if  necessary,  liquid  water  contents  of  clouds.  The  radiative 
transfer  equation  in  case  of  receiving  of  atmospheric  emission 
by  ground-based  zenith-viewing  radiometer  for  brightness 
temperature  is  as  following: 

oo  h 

TJy)=  i  ’I{h)y(i>,h)exp(-  f  y(i>,z)dz)dh  (1) 

0  0 

where: 

p  -  frequency, 

T(h)  -  thermometric  temperature  profile  of  the  air, 

y(h)  -  total  absorption  coefficient  of  the  atmosphere  at  an 
altitude  h. 

This  equation  can  be  written  as: 

TM  =  T^rU-^^Pi-Tim  (2) 

where: 

-  averaged  atmospheric  temperature, 
oo 

t(p)  =  J  y(p^h)dh  - 
0 

-  total  atmospheric  transmittance  due  to  H2O  vapor,  liquid 
H2O,  and  O2. 

For  microwave  range  the  transmittance  can  be 
approximated  as: 

t(p)  =  a(p)Q  +  b(p,TJ^  +  CoX^)  (3) 

where: 

a(p)y  b{PyT^y  and  CqX^)  ’  absorption  coefficients  due  to 
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vapor,  liquid  water  and  oxygen  respectively, 

-  effective  cloud  temperature, 

W  -  integrated  liquid  water  content, 

Q  -  integrated  water  vapor  content. 

Two  techniques  for  water  vapor  recovering  are  used.  First 
approach  is  based  on  the  measurements  in  several 
wavelengths  and  then  on  solution  of  inverse  problems. 
Spectral  features  of  atmospheric  emission  permit  to  restrict 
oneself  to  two  frequencies  near  22.23  GHz  and  37  GHz  to 
derive  W  and  Q  parameters.  The  second  technique  considers 
the  regression  between  water  vapor  content  and  brightness 
temperatures  difference  in  the  frequencies  near  the  22.23 
GHz  (at  the  center  of  water  vapor  absorption  line  and  on  its 
slope).  This  difference  is  measured  by  microwave  dual- 
frequency  radiometer  [1,2],  using  frequency  band 
modulation. 

DUAL-FREQUENCY  RADIOMETER 

To  estimate  the  optimal  pair  of  frequencies  for  using  in 
dual-frequency  radiometer  the  calculations  were  made  over 
the  range  of  10-30  GHz.  The  accuracy  of  each  frequency 
channel  was  supposed  to  be  67’=0.2K.  Combining  the 
equations  (2)  and  (3)  the  simplified  expression  can  be 
obtained: 

G=(a,,exp(  -c J  -a„exp(  -c„)  +v^)  /D,  (4) 

where: 

5=[a„exp(-c„)-a,,exp(-cJp-2[exp(-cJ-exp(-cJ- 

D=a,/exp(  -cj  -a,>xp(  -c„), 

a ^2  "  absorption  coefficients  due  to  water  vapor  in 
frequencies  Pj  and  P2y 

c^2  "  absorption  coefficients  due  to  liquid  water  and 
oxygen, 

=  TM  -  TM- 

The  RMS  water  vapor  retrieval  errors 

l/{=(l-Go/0^ 

where  Qq  -  calculated  water  vapor  content  without 
taking  into  account  clouds, 

were  computed  for  all  set  of  frequencies.  The  water  vapor 
absorption  coefficients  were  calculated  on  the  base  of  Van 
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VIeck-Weiskopf  formula.  The  normalized  coefficients  were 
averaged  over  500  MGz  bandwidth.  In  the  range  of  5-40 
kg/m^  for  Q  and  0. 1-1.5  kg/m^  for  W  optimal  pair  proves  to 
be  22.23  GHz  and  20.20  GHz  which  agrees  with  results 
obtained  in  [3].  This  is  illustrated  in  Fig.  1  for  e=20  kg/m^ 
and  1V=0.5  kg/m^.  In  this  connection  we  have  developed 
dual-frequency  radiometer  described  in  [1]  and  operated  in 
frequencies  22.23  and  20.20  GHz.  The  radiometer 
construction  gives  possibility  to  obtain  simultaneously  both 
the  absolute  level  of  brightness  temperatures  and  their 
difference  due  to  adjustable  dual-frequency  pass-band  filter. 
The  difference  measurements  in  the  center  of  water  vapor 
absorption  line  22.235  GHz  and  on  its  slope  20.20  GHz 
provide  us  directly  the  water  vapor  path. 

OBSERVATIONAL  RESULTS 

The  complex  experiments  were  made  as  onboard  research 
aircraft  (Winter  1992)  as  from  ground-based  platform 
(Summer  1994)  to  verify  the  proposed  scheme  of  dual¬ 
frequency  K-band  radiometer.  They  demonstrated  the  device 
reliability  as  well  as  the  possibility  to  measure  difference  of 
brightness  temperatures  with  high  accuracy.  However  to 
obtain  the  water  vapor  content  under  heavy  cloud  conditions 
one  had  to  use  additional  channel  as  it  was  shown  in  [2].  The 
results  of  water  vapor  and  liquid  water  contents  recovering 
using  the  method  described  in  [2]  and  summarizing  the  data 
obtained  during  June  1994  experiment  in  Zvenigorod 


Table  1.  Cloud  properties. 


Date 

Time 

Cloud 

type 

Cloud 

height, 

km 

Averaged 

G, 

kg/m^ 

Maxim 

kg/m^ 

15.06 

14.00- 

17.00 

Ac 

3060- 

3320 

17.3 

0.20 

20.06 

17.00- 

18.00 

Sc 

1440- 

1780 

23.5 

0.50 

21.06 

15.30- 

17.30 

Ac,Cu 

1800- 

3445 

16.6 

0.47 

22.06 

15.15- 

16.15 

Ac,Cu 

1970- 

2190 

15.8 

0.73 

23.06 

11.00- 

12.30 

Cu, 

Cufr 

1325- 

1870 

16.6 

0.67 

28.06 

13.30- 

14.00 

Ac,Cu 

Cufr 

-  ^ 

13.7 

0.60 

29.06 

16.00- 

18.00 

Sc 

1740- 

2010 

19.3 

0.35 

(Moscow  region)  over  various  types  of  clouds  are  shown  in 
Table  1.  The  heights  of  the  bottom  boundary  of  clouds  were 
taken  from  lidar  measurements. 

THREE  FREQUENCY  SET  SIMULATION 

The  need  of  adding  third  frequency  for  difference 
measurements  and  so  obtaining  two  difference  brightness 
temperatures  =  —  and  AT, =T^X^,)  — Tail’s) 

to  compensate  the  influence  of  heavy  clouds  have  been 
demonstrated  in  [2].  All  possible  combinations  of  three 
frequency  bands  in  the  range  of  10-30  GHz  were  computed 
hy  method  described  above  for  two-frequency  set 
optimization.  Fig.2  shows  the  effectiveness  of  two  frequency 
band  choice  when  third  frequency  is  fixed  in  the  22.23  GHz. 
The  strong  peak  can  be  seen  at  the  values  of  20.20  and  24.45 
GHz.  This  pair  of  frequencies  lay  in  opposite  slopes  of  the 
center  22.235  GHz  HjO  water  vapor  absorption  tine.  Fig.3 
shows  the  choice  of  third  frequency  provided  two  other  ones 
are  kept  in  20.20  and  22.23  GHz.  It  was  plotted  for  two 
different  values  of  liquid  water  W.  The  effectiveness  ^3  has 
its  maximum  in  24,45  GHz  and  increases  as  liquid  water  in 
clouds  augments.  To  illustrate  it,  Fig.4  depicts  the  behavior 
of  effectiveness  of  using  third  frequency  (i»j=24.45  GHz)  as 
a  function  of  W.  So  the  accuracy  of  water  vapor  content 
retrieving  may  be  improved  in  2-3  times  under  heavy  cloud 
conditions  when  comparing  dual-frequency  difference 
measurements. 

CONCLUSIONS 

The  chosen  pair  of  frequencies  was  demonstrated  to  be 
optimal  for  using  in  dual-frequency  radiometer.  The 
experimental  results  proved  the  reliability  and  high  accuracy 
of  difference  method  to  determine  water  vapor  content.  The 
values  of  water  vapor  and  liquid  water  contents  along  with 
the  cloud  parameters  collected  by  ground-based  instruments 
were  averaged  over  various  types  of  clouds.  On  the  other 
hand  the  influence  of  heavy  clouds  on  the  accuracy  of 
difference  measurements  indicated  the  need  in  using  a  third 
frequency  band  to  reduce  this  effect.  Optimal  frequency  set 
was  estimated  in  the  case  of  zenith-looking  observation.  It 
proves  to  be  the  same  pair  of  frequencies  as  before  plus 
additional  frequency  band  centered  to  24.45  GHz. 
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Fig.  1  The  effectiveness  of  two-frequency  set  for  dual¬ 
frequency  radiometer 


Fig. 3  Optimal  frequency  choice  when  fixing 
1^; =22.23  GHz  and  j/2=20.20  GHz 


Fig. 4  The  effectiveness  of  using  third  frequency  as  a 
function  of  W  of  clouds  for  difference  zenith-viewing 
observations 


Fig.2.  The  estimation  of  the  effectiveness  of  two  frequency 
set  assuming  third  frequency  =22.23  GHz 
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INTRODUCTION 

The  Special  Sensor  Microwave  Imagers  (SSM/I) 
currently  flying  on  the  DMSP  polar  orbiting 
spacecr^  derive  relatively  high  resolution 
surface  wind  speeds  over  the  oceans.  These  wind 
speed  retrievals  are  used  as  input  to;  (1) 
numerical  weather  prediction  models,  (2)  Dvorak 
analysis  of  tropical  cyclones,  and  (3)  map  the 
climatological  distribution  of  global  ocean  winds 
and  wind  stress.  The  SSM/I  is  limited,  however, 
to  ocean  surface  wind  speed  only.  Recently, 
techniques  to  infer  wind  direction  from  passive 
microwave  measurements  have  been  developed. 
Polarimetric  measurements  are  currently  of 
interest  and  researchers  are  beginning  to  develop 
airborne  instruments  as  a  proof  of  concept. 
Active  devices  such  as  microwave  scatterometers 
are  now  flying  that  produce  very  high  quality 
vector  wind  measurements.  Some  scatterometer 
measurements  do,  however,  require  that 
directional  ambiguities  be  resolved.  It  is  the  goal 
of  this  paper  to  discuss  a  simple  technique  that 
could  be  used  in  conjunction  with  polarimetry 
and  scatterometry  to  augment  the  complete 
description  of  boundary  layer  winds.  We  will 
discuss  a  simple  technique  first  developed  by 
T.S.  Yu  (1987),  that  yields  a  closed  form 
solution  to  the  horizontal  momentum  equations 
for  the  boundary  layer  vector  wind  field  using  in- 
situ  satellite  measurements  as  a  source  of  wind 
speed  data,  and  surface  pressure  gradient  data  from 
state-of-the-art  numerical  weather  prediction 
models.  The  SEASAT  scatterometer  and 
altimeter  data  were  originally  used  as  a  proof  of 
concept  for  this  technique.  We  will  be 
describing  an  implementation  using  the  SSM/I 
as  the  source  of  wind  speed  data,  and  the  Air 
Force  Global  Weather  Central  (AFGWC)  High 
Resolution  Analysis  System  (HIRAS)  as  the 
source  of  boundary  layer  pressure  analysis.  We 
will  calculate  a  wind  field  at  the  resolution  of  the 
SSM/I,  with  time  and  space  interpolation  of  the 
model  surface  pressure  analysis  to  match  the 
satellite  measurements.  It  should  be  noted  that 
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the  HIRAS  resolution  is  much  coarser  than  the 
SSM/I  data,  therefore  we  are  relying  on  the 
general  smoothness  of  the  surface  pressure  during 
the  interpolation  process.  For  future  work,  we 
will  be  evolving  to  MM5  (Grell,  1995)  which  is 
a  very  high  resolution  nested  grid  model 
originally  designed  by  Penn  State  and  modified 
by  NCAR. 


SSM/I  DERIVED  SURFACE  WIND  SPEED 

The  DMSP  SSM/I’ s  provide  operational  ocean 
surface  wind  speed  retrievals  using  relatively 
simple  multiple  linear  regression.  There  are  a 
host  of  newer  techniques  being  evaluated  as  a 
replacement  for  the  simple  regression  schemes 
including  neural  nets  (Stogryn,  1994),  and 
physically-based  retrievals.  For  the  purposes  of 
evaluating  the  following  wind  vector  retrieval 
scheme  for  the  SSM/I,  we  will  use  the  globally 
applicable  original  Calibration  and  Validation 
wind  speed  algorithm  (Hollinger,  1991),  namely 

S{rnl  s)^aQ  +^2^22v  “^^4^37* 


=  147.9 
a,  =  1.0969 
^2  =  -0.4555 
^3  =-1.76 
=  0.786 

There  are  a  set  of  test  criteria  on  the  brightness 
temperatures  that  serve  to  screen  pixels  for  rain 
contamination.  We  have  included  these  tests  in 
our  algorithm  implementation,  and  only  run  the 
model  on  uncontaminated  SSM/I  pixels.  In  the 
next  section,  we  will  briefly  describe  the  model 
that  we  are  using  to  extract  vector  information 


where 
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using  the  SSM/I  derived  wind  speed,  and  the 
AFGWC  HIRAS  numerical  weather  prediction 
model  derived  surface  pressure  analysis. 


SSM/I  DERIVED  SURFACE  WIND 
DIRECTION 


P  ^ 


The  set  of  equations  to  be  solved  are  the  classic 
Ekman  balances  between  the  horizontal  pressure 
gradient  forces,  the  Coriolis  force,  and  frictional 
forces.  We  will  follow  precisely  the  formalism  of 
Yu,  and  write  down  the  horizontal  momentum 
equations 


(2) 

where  is  defined  as  I G .  (2)  now 

represents  a  very  simple  set  of  coupled 
differential  equations  that  can  be  solved  for  the 
zonal  and  meridional  wind  components  as 
follows 


^  1  <9/7  d  du. 

-  1  <9p  <9  (9v, 


(1) 

where  f  is  the  Coriolis  force,  p  is  atmospheric 
pressure,  u  and  v  are  the  zonal  and  meridional 
components  of  the  wind  field.  It  is  assumed  that 
momentum  fluxes  in  the  boundary  layer  are 
proportional  to  the  surface  wind  speeds,  and  that 
the  fluxes  vanish  at  the  top  of  the  boundary 
layer 


az 

where  is  the  eddy  diffusion  coefficient  for 
momentum,  S  is  the  SSM/I  derived  wind  speed 
(i.e.  5  =  and  is  the  surface 

drag  coefficient.  We  next  integrate  (1)  from  10 
meters  to  the  top  of  the  marine  boundary  layer 
(h).  It  is  assumed  that  an  “equivalent  depth  (a)  ” 
exists  independent  of  wind  components  that 
scale  the  surface  contribution  of  the  integral  to 
represent  the  entire  boundary  layer 


lOm 

h 


A  dp  r.,  A  ^ 

fv)dz  =  a{—— 

p  OK  p  dx 

1  ^  A  dp 


fv) 


10m 


10m 


Equation  (1)  is  now  written  with  respect  to 
quantities  at  the  10  meter  level  as 


u  ~ 


V  = 


_ zl _ (f^+C 

pf+pCAS^^^dy  ^^dA 

_ ! _ (f^-c  S^) 

pf+pCAS^^^dx 


c 


_J_ 

D  -  ^2 


P 


This  completes  the  model  f^r  calculating  the 
directional  information  from  the  SSM/I  wind 
speeds  (S),  and  the  model  derived  horizontal 
pressure  gradients  (Vp).  This  simple  model  is 
computationally  robust  even  when  the  Coriolis 
parameter  tends  to  zero.  This  technique  relies  on 
the  HIRAS  model  surface  pressure  gradients  to 
specify  the  boundary  layer  bulk  flow  with  cross 
isobar  tendencies  provided  by  the  surface  drag 
paramaterization. 


INITIAL  RESULTS 

We  have  analyzed  a  number  of  SSM/I  derived 
versus  model  analyzed  wind  fields  that  closely 
agree  both  in  magnitude  and  direction.  The  case 
that  we  present  here  represents  a  stressing 
condition  in  that  the  SSM/I  generated  wind  field, 
and  the  model  wind  field  strongly  disagree.  Fig.  1 
represents  the  boundary  layer  flow  in  the  Indian 
Ocean  southeast  of  Madagascar  as  characterized 
by  the  AFGWC  operational  HIRAS.  A  very 
weak  area  of  convergence  is  identified  by  the 
dashed  line  where  the  model  wind  field  is  in  the 
range  of  a  2-3  m/sec.  Fig.  2  is  the  corresponding 
SSM/I  generated  wind  field  analysis  where  we 
have  assigned  direction  to  each  of  the  non-rain 
contaminated  pixels.  The  SSM/I  identified 
several  sub-grid  scale  (to  the  analysis  model) 
wind  events  with  speeds  approaching  the  upper 
limit  of  SSM/I  validity  at  ~20  m/sec.  The 
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SSM/I  model  identified  strong  areas  of 
convergence  (but  no  rain  cells  were  flagged)  in 
approximately  the  same  location  as  the  HIRAS 
analysis  of  weak  convergence  near -35S.  Anew 
area  of  convergence  is  identified  in  the  SSM/I 
analysis  at  approximately  -28S.  The  SSM/I 
wind  field  suggests  the  potential  for  strong 
convection  in  these  areas  that  are  not  identified 
by  HIRAS.  We  continue  to  investigate  how  well 
the  SSM/I  model  performs  under  the  conditions 
whereby  the  HIRAS  boundary  layer  pressure  field 
is  not  in  balance  with  the  observed  SSM/I  wind 
speeds. 


SUMMARY 

A  simple  model  for  calculating  ocean  boundary 
layer  vector  winds  from  a  combination  of  SSM/I 
in-situ  wind  speeds,  and  numerical  weather 
prediction  rrodel  analysis  of  the  surface  pressure 
distribution  has  been  presented.  This  technique 
can  be  used  as  an  additional  source  of  high 
resolution  marine  winds  for  typhoon  forecasting, 
ship  route  planning,  and  climatological  mapping 
of  wind  stress.  In  addition,  this  technique  could 
be  used  to  de-alias  scatterometer  data,  and  validate 
polarimetric  measurements.  We  will  be  in  the 
process  of  quantitative  evaluation  of  this  simple 
technique  using  the  ERS-1  scatterometer  data, 
buoys  and  ship  reports  at  times  that  are 
coincident  with  the  overpass  of  the  DMSP 
spacecraft. 
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Fig.  1  AFGWC  HIRAS  Surface  Wind  Analysis 


Fig.  2  SSM/I  Derived  Surface  Wind  Analysis 


1706 


Ocean  Surface  Wind  Speed  and  Direction  Retrievals  from  the  SSM/I 

Li  Li^,  and  Paul  Chang^ 

^NOAA/NESDIS/Office  of  Research  and  Applications 
NOAA  Science  Center,  Room  102,  E/RA13;Camp  Springs,  MD  20746 
Phone:(301)763-8231  FAX:(301)763-8020 
Email:  pchang@orbit.nesdis.noaa.gov  WWW:  http:/7manati. wwb.noaa.gov/ 

^Caelum  Research  Corporation;  Silver  Spring,  MD  20901 
Email:  lli@orbit.nesdis.noaa.gov 


Abstract — A  semi-empirical  model  is  developed  that  permits  retrieval 
of  ocean  surface  wind  direction  information  in  addition  to  improved  wind 
speeds  from  SSM/I  measurements.  With  two  SSM/I  instrumente  currently 
providing  operational  ocean  surface  wind  speed  fields,  the  addition  of  wind 
direction  information  and  improved  wind  speed  retrievals  will  enhance  its 
impact  in  weather  prediction  models  and  analysis. 

I.  Introduction 

Accurate  and  timely  measurements  of  the  global  ocean  surface 
wind  speed  and  direction  are  essential  information  for  short-term 
weather  forecasts  and  warnings  and  for  seasonal  and  interan¬ 
nual  climate  forecasts.  Current  operational  spacebome  sensors 
that  can  retrieve  ocean  surface  wind  information  are  the  Spe¬ 
cial  Sensor  Microwave/Imagers  (SSM/I)  aboard  the  Defense 
Meteorological  Satellite  Platform  (DMSP)  and  the  Active  Mi¬ 
crowave  Instrument  (AMI)  aboard  the  European  Environmental 
Remote-Sensing  Satellite  ffiRS).  The  AMI  is  a  scatterometer 
system  that  provides  ocean  surface  wind  speed  and  direction, 
while  SSM/I  is  a  multi-channel  radiometer  that  provides  ocean 
surface  wind  speed  information  operationally.  However,  unlike 
the  AMI  scatterometer,  the  SSM/I  system  provides  almost  com¬ 
plete  daily  global  coverage  utilizing  two  satellites  and  a  larger 
measurement  swath. 

The  operational  wind  retrieval  algorithms  for  AMI  and  SSM/I 
are  empirical,  derived  from  match-ups  between  buoy  and  satel¬ 
lite  measurements.  The  accuracy  of  the  remotely  measured 
ocean  wind  speed  and  direction  greatly  influences  its  impact  on 
numerical  weather  prediction  (NWP)  models.  The  current  oper¬ 
ational  wind  speed  retrieval  algorithm  [1]  for  the  SSM/I  sensors 
have  an  rms  error  of  more  than  2  m/s.  This  error  is  partly  due 
to  the  wind  direction  influence  on  the  measured  brightness  tem¬ 
perature,  which  is  not  accounted  for  in  the  operational  wind 
speed  retrieval  algorithm.  While  the  brightness  temperature  of 
the  ocean  surface  is  not  a  strong  function  of  the  wind  direction, 
it  will  limit  the  wind  speed  retrieval  accuracy  if  it  is  not  accoun¬ 
ted  for. 

Since  SSM/I  is  only  a  dual-polarization  (vertical  and  hori¬ 
zontal)  microwave  radiometer,  it  cannot  uniquely  determine  the 
wind  direction.  In  a  companion  paper,  we  demonstrate  that  an 
airborne  polarimetric  microwave  radiometer  can  retrieve  wind 
direction  without  ambiguity.  The  airborne  experiments  also 
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show  that  the  ocean  wind  direction  with  two  ambiguities  can  be 
determined  from  a  dual-polarization  radiometer.  In  this  paper,  a 
new  semi-empirical  SSM/I  model  is  developed  that  can  retrieve 
ocean  wind  speed  with  improved  accuracy  in  addition  to  wind 
direction  information.  This  model  was  derived  and  tested  using 
match-up  data  sets  between  the  SSM/I  and  NOAA  National  Data 
Buoy  Center  (NDBC)  buoys.  An  accuracy  of  approximately  1 
m/s  is  achievable  if  the  wind  direction  effects  on  the  measured 
brightness  temperature  are  removed. 

II.  In  Situ  Measurements 

In  situ  observations  are  crucial  in  the  development  and  val¬ 
idation  of  all  remote  sensing  retrieval  algorithms.  The  opera¬ 
tional  SSM/I  ocean  wind  retrieval  algorithm  is  based  on  match¬ 
ups  between  buoys  and  satellite  observations,  however,  these 
original  match-up  data  sets  do  not  contain  satellite  position  in¬ 
formation  which  is  necessary  to  infer  the  satellite  azimuth  look¬ 
ing  direction  and  its  angle  relative  to  the  wind  direction.  There¬ 
fore,  a  new  in  situ  match-up  data  set  was  created  using  14  buoys 
located  in  the  Northeast  Pacific  and  the  Gulf  of  Mexico.  For  this 
initial  study,  data  was  collected  only  for  the  month  of  April  1993, 
and  therefore,  a  full  range  of  wind  speed  cases  (no  data  at  speeds 
greater  than  15  m/s)  and  any  seasonal  to  interannual  variations 
are  not  included.  Other  in  situ  data  were  also  utilized,  and  in¬ 
cluded  wind  speed  Wb ,  wind  direction  air  temperature  To  and 
sea  surface  temperature  T,.  The  temporal  and  spatial  match-up 
windows  were  set  at  1  hour  and  30  km,  respectively.  Further¬ 
more,  the  data  set  only  considered  data  that  met  the  operational 
rain  flag  0  criteria,  which  is  defined  as  TbZlv  —  TbSlh  >  50A 
and  Tbl9h  <  l6bK.  Two  independent  match-up  data  sets  were 
constructed  for  the  operational  DMSP  satellites  FIO  and  Fll. 
Since  the  wind  direction  signal  is  not  clearly  defined  at  low  wind 
speeds,  buoy  wind  speeds  less  than  2  m/s  were  excluded  from  the 
match-up  data  sets. 

III.  Radiative  Transfer 

The  microwave  brightness  temperature  measured  over  the 
ocean  surface  is  a  function  of  the  ocean  surface  conditions, 
primarily  ocean  surface  wind  speed  and  direction,  and  sea  sur¬ 
face  temperature.  The  atmosphere  also  contributes  significantly 
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to  the  measured  brightness  temperature.  However,  since  the  at¬ 
mospheric  brightness  temperature  contributions  are  unpolarized 
(i.e.,  the  vertically  and  horizontally  polarized  brightness  temper¬ 
atures  are  equal),  the  atmospheric  contributions  can  be  removed 
from  the  ocean  surface  signal.  Following  the  approach  of  [4],  a 
radiative  transfer  model  is  developed  for  the  two  SSM/1 37  GHz 
channels.  The  brightness  temperatures  observed  by  SSM/I  can 
be  calculated  using  simple  radiative  transfer  equations  [4], 

TsZv  —  ‘r[£'37t;7^5  +  (l“-£^37v)(l+W37vl^)(^J3(f  "f 

(1) 

Tzih  =  TBu’^'^[E37hTs-V{l  —  Ez7h){^^^ZlhW){TBd+T‘TBc)] 

(2) 

where  Tz^y  and  Tz7h  GHz  are  the  vertically  and  horizontally  po¬ 
larized  brightness  temperatures  at  37  GHz.  Ez7v  and  Ez7h  are 
the  vertically  and  horizontally  polarized  ocean  surface  emission 
as  a  function  of  wind  speed  which  were  derived  by  [4],  [5] 
based  on  collocated  Seasat  microwave  radiometer  and  scattero- 
meter  measurements,  r  is  the  atmospheric  transmittance  along 
the  viewing  path  of  the  radiometer.  The  product  wVF  is  a  correc¬ 
tion  factor  for  reflected  atmospheric  radiation  contributions  due 
to  surface  multiple  scattering.  Tbu  and  TBd  are  the  atmospheric 
upwelling  and  downwelling  brightness  temperatures,  and  Tbc  is 
the  cosmic  radiation  background.  T,  is  the  sea  surface  temperat¬ 
ure,  which  can  be  obtained  from  the  monthly  optimum  interpol¬ 
ation  sea  surface  temperature  fields  in  a  one-degree  grid  [3]. 

In  summary,  the  radiative  transfer  approach  models  the  bright¬ 
ness  temperature  as  a  function  of  wind  speed,  sea  surface  tem¬ 
perature,  atmospheric  transmittance  and  satellite  viewing  angle. 
On  the  other  hand,  given  SSM/I  brightness  temperatures  at  the 
37  GHz  channels,  sea  suifece  temperature  and  satellite  view¬ 
ing  angle,  an  iterative  approach,  such  as  Newton’s  method,  used 
with  the  radiative  transfer  function  can  retrieve  wind  speed  and 
atmospheric  transmittance  [4]. 

IV.  Wind  Speed  and  Direction  Retrieval 

It  has  been  demonstrated  that  the  vertically  and  horizontally 
polarized  brightness  temperatures  are  both  even  functions  of  the 
relative  wind  direction,  which  is  defined  as  the  angle  between  the 
radiometer  look  angle  and  the  wind  direction  [6],  [4].  SSM/I 
data  analysis  by  [4]  and  an  airborne  radiometer  experiment  by 
NRL  and  JPL  indicate  that  vertical  and  horizontal  brightness 
temperatures  can  be  adequately  approximated  by  truncating  the 
harmonic  series  after  the  second  term, 

Ty  =  Tyz  -\-Tyi  cos(^)  "h  Ty2  cos(2<^)  (3) 

Th  =  Tho  +  Tfii  cos{<f))  +  Th2  cos(2<^)  (4) 

where  <j>  is  the  relative  wind  direction.  The  first  harmonic  is 
related  to  the  upwind/downwind  asymmetry  of  ocean  gravity 
waves  and  whitecaps,  while  the  second  harmonic  is  related  to  the 
capillary  waves  on  the  gravity  waves  [2].  The  amplitude  of  each 
harmonic  is  a  function  of  the  ocean  surface  wind  speed,  sea  sur¬ 
face  temperature  and  atmospheric  transmittance.  Since  Ty  and 


Th  are  both  even  functions,  the  wind  direction  can  not  be  de¬ 
tected  uniquely  from  SSM/I  measurements.  Nevertheless,  the 
wind  direction  signal  is  well  represented  by  cos{<j))  and  cos(2<^), 
which,  if  considered  in  the  retrieval  scheme,  will  enhance  the 
wind  speed  accuracy  by  reducing  the  “noise”  from  the  wind  dir¬ 
ection  signal  in  the  measured  brightness  temperatures.  And, 
wind  direction  information  is  retrieved  in  the  form  of  cos(<^). 

Wind  direction  signals  in  the  SSM/I  brightness  temperatures 
are  not  considered  in  the  radiative  transfer  wind  retrieval  model 
used  in  this  study.  As  a  result,  wind  speed  retrievals  from  such 
an  iterative  radiative  transfer  model  will  contain  errors  which  are 
correlated  to  the  relative  wind  direction  [4],  Therefore,  using 
buoy  reports  as  ground  truth,  the  difference  between  SSM/I  re¬ 
trievals,  W,  and  buoy  reported  windspeed,  Wh,  are  used  to  de¬ 
termine  the  brightness  temperature  perturbations  caused  by  the 
wind  direction  through  radiative  transfer  model.  Wind  speed  and 
direction  signals  can  then  be  easily  separated  for  each  buoy  and 
SSM/I  match-up.  This  separation  procedure  readily  handled  us¬ 
ing  neural  networks.  To  avoid  the  ambiguity  of  retrieving  wind 
direction  from  dual-polarization  radiometer  observations,  the 
wind  speed  from  buoys  Wb^  wind  direction  cos{(j))  and  cos(2<^) 
are  included  in  the  neural  network  training  targets.  The  at¬ 
mospheric  transmittance  obtained  from  iterative  radiative  trans¬ 
fer  model  is  also  used  as  an  approximation.  This  combined 
neural  network  retrieval  model  couples  iterative  radiative  trans¬ 
fer  model  with  neural  network  techniques. 

V.  Model  Validation  and  Preliminary  results 

The  two  operational  SSM/I  satellites,  FIO  and  Fll,  have  sim¬ 
ilar  characteristics,  but  because  of  residual  system  biases,  each 
satellite  data  set  needs  to  be  individually  calibrated  with  buoy 
match-ups.  After  calibration,  wind  speed  and  direction  retrieval 
algorithms  are  derived  using  the  iterative  radiative  transfer  ap¬ 
proach  and  the  combined  neural  network  inversion  technique, 
Fll  SSM/I  data  and  buoy  match-ups  were  used  for  the  model 
development,  and  FIO  SSM/I  data  and  buoy  match-ups  for  the 
model  evaluation.  Table  1  lists  the  error  statistics  for  three  differ¬ 
ent  wind  speed  retrieval  algorithms:  Goodberlet  algorithm  [1], 
iterative  radiative  transfer  model,  and  the  combined  neural  net¬ 
work  model.  Table  2  lists  the  error  statistics  of  cos(<f>)  and 
cos{2<l))  retrievals  using  combined  neural  network  model.  Fig¬ 
ure  1  plots  the  buoy  wind  speed  against  the  retrieved  wind  speed 
values  from  FIO  measurements.  The  small  circles  are  the  wind 
speeds  obtained  from  the  combined  neural  network  model,  and 
the  dots  are  the  winds  speed  from  Goodberlet  algorithm.  The 
combined  neural  network  model  performs  better  than  the  Good¬ 
berlet  algorithm.  Figures  2  plots  cos{(l>)  derived  from  buoy  wind 
direction  against  cos{<j))  derived  from  SSM/I  FIO  measurements. 
cos{2<j))  is  plotted  in  figure  3.  As  seen  in  figures  2  and  3,  the  re¬ 
trieved  wind  direction  signals,  cos(<^)  and  cos(2(f>),  show  good 
agreement  with  buoy  measurements. 

VI.  CONCLUSIONS 

These  results  clearly  indicate  that  a  substantial  improvement 
can  be  realized  for  wind  speed  retrievals,  and  that  wind  direc- 
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TABLE  I 

Statistics  on  Wind  Speed  Retrieval 


Operational 

Iterative  RT 

Combined 

Training  (FI  1) 

2.30 

1.72 

0.969 

Testing  (FIO) 

2.24 

1.72 

0.965 

TABLE  II 

Statistics  on  Wind  Direction  Retrieval 


First  Harmonic 

Second  Harmonic 

Training  (FI  1) 

0.1982 

0.2309 

Testing  (FIO) 

0.2433 

0.2782 

tion  information  can  be  retrieved  using  the  combined  neural  net¬ 
work  approach.  Future  work  will  include  extending  the  match¬ 
up  data  set  to  cover  a  larger  range  of  wind  conditions  to  validate 
this  model  on  a  global  scale,  and  then  demonstrate  its  operational 
implementation. 
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Wind  Speed  Retrievals  from  SSM/I  (FIO) 


Fig.  1 .  Scatter  plot  of  buoy  wind  speeds  versus  retrieved  wind  speeds  from  the 
combined  neural  network  model. 


Wind  Direction  4>  Retrievals  from  SSMI(FIO) 


Fig.  2.  Scatter  plot  of  buoy  cos((f>)  versus  retrieved  cos((f>)  from  the  combined 
neural  network  model. 


Wind  Direction  2^  Retrievals  from  SSMI(FIO) 
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Fig.  3.  Scatter  plot  of  buoy  cos(2<f))  versus  retrieved  cos{2(f>)  from  the  com¬ 
bined  neural  network  model. 
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INTRODUCTION  of  7  -  20  m/s,  and  because  of  the  symmetry  of  the  change  in 

brightness  temperature  with  wind  direction,  we  limited  our 
Minimization  techniques  have  long  been  used  by  the  simulated  study  to  wind  directions  of  0-180  degrees.  The 

remote  sensing  community  to  obtain  relationships  between  test  and  training  sets  were  generated  by  parametrically 

observed  radiances  and  retrieved  geophysical  quantities.  varying  wind  speed  (WS),  wind  direction,  and  Sea  Surface 

Originally,  special  sensor  microwave  imager  (SSM/I)  Temperature  (TJ. 

passive  microwave  wind  observations  were  regressed  against  An  empirical  model  of  the  wind  direction  dependence  (1 ) 

coincident  wind  speed  observations  from  buoys.  More  and  specular  emissivity  (2)  were  employed  [2]. 

recent  research  has  shown  that  a  wind  direction  signal  may 

also  be  present  in  SSM/I  observations.  This  wind  direction  Tb=  Bjcoscj)  -i-  B2COS  2<\)  (1) 

signal,  however,  is  not  very  large,  meaning  that  accounting 

for  the  error  characteristics  of  this  signal  is  very  important,  Eo=(  So+  Sjt  +  82!^ -1-  S3t^  -1-  S4q  -1-  S5tq  +  s^q^H-  S7t^q)/T  (2) 

and  it  is  believed  that  the  signal  is  somewhat  non-linear. 

Thus,  more  advanced  minimization  techniques  are  required  T  =  T^.  -  273.16 

to  extract  this  wind  direction  signal.  Neural  networks  (NN) 

are  a  non-linear  minimization  technique  and  they  can  be  used  q  -  Gj  -  5 1" 

either  in  simulation  mode,  where  the  net  is  trained  using 

simulated  radiances  assumed  to  be  the  truth,  or  in  Where  Bj  is  a  function  of  wind  speed,  and  sea  surface 

observation  mode,  where  the  observed  radiances  are  matched  temperature,  the  coefficients  for  both  equations  can  be  found 

with  in  situ  observations.  in  [1].  The  inputs,  Tbl9v(  19  GHz  vertically  polarized 

brightness  temperature),  Tbl9h  (19  GHz  horizontally 
BACKGROUND  polarized  brightness  temperature),  wind  speed,  and  T^.  where 

then  rescaled  to  obtain  values  ranging  from  0  to  1.  The 
Surface  wind  speed  retrievals  have  been  modeled  learning  and  training  sets  were  created  such  that  the  wind 

successfully  using  neural  networks  [1].  It  was  shown  that  the  direction  and  T^  were  statistically  homogeneous,  same 

NN  had  advantages  over  empirical  algorithms,  for  3<  wind  number  of  samples  in  each  direction  and  T^. 

speeds  <15  m/s.  The  accuracy  of  the  low  and  high  wind 

speed  (WS)  calculations  were  affected  by  not  having  NEURAL  NETWORKS 

sufficient  SSM/I  vs  buoy  matched  data.  In  the  case  of  wind 

direction,  empirical  algorithms,  using  just  SSM/I  retrievals,  A  network  consists  of  units,  input  units,  hidden  units  and 

are  insufficient.  output  units.  In  this  study  we  had  four  inputs,  (Tbl9h, 

Tbl9v,  wind  speed,  TJ,  10  hidden  units,  and  19  outputs 
DATA  (wind  direction  in  10  degree  bins).  The  network  was  fully 

connected,  and  a  standard  backward  propagation  method  was 
In  this  study  we  first  considered  simulated  vector  wind  used.  The  activation  function,  or  squashing  function,  used 

data.  Because  the  wind  direction  signal  is  larger  for  higher  was  the  logistic  function, 

wind  speeds,  we  limited  our  simulated  study  to  wind  speeds 

0-7803-3068-4/96$5.00©1996  IEEE 
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Fig  1.  An  example  of  the  neural  network  architecture  used  in 
this  study.  This  is  a  fulling  connected  network,  all  units  are 
connected  to  all  other  units. 

For  the  simplest  case  of  using  a  single  =  290K,  ie 
brightness  temperature,  the  NN  performs  very  well,  +/-  10 
degrees  for  all  wind  directions  (Fig.  2).  When  adding  the 
complexity  of  many  different  sea  surface  temperatures,  the 
NN  doesn’t  perform  as  well,  yet  still  can  determine  the  wind 
direction  to  within  +/-  30  degrees  (Fig.  3). 

The  mean  square  error  for  this  NN  was  0.4331,  this  is  the 
criteria  for  adequacy  of  the  true  model  in  the  population, 
when  the  sample  size  »  number  of  hidden  units. 


SIMULATED  WIND  DIRECTION  (DEG> 


Fig  2.  When  using  only  a  sea  surface  temperature  of  290K, 
the  NN  solves  for  wind  direction  extremely  well. 


SIMULATED  WIND  DIRECTION  (DEG) 


Fig  3.  When  using  a  range  of  sea  surface  temperatures 
from  290<T5<  304K,  the  NN  solves  for  wind  direction  to 
within  +/-  20  degrees. 


FUTURE  WORK 

Although  we  have  demonstrated  that  the  NN  can  be 
trained  to  retrieve  wind  direction  reasonably  well  using 
simulated  data,  we  have  not  been  successful  as  of  yet  in 
training  the  NN  to  retrieve  wind  direction  using  a  matched 
SSM/I  versus  buoy  observational  data  set.  We  believe  this 
may  be  due  to  inadequate  quality  control  of  this 
observational  data  set,  since  we  initially  have  tried  only  a 
minimum  level  of  quality  control.  In  addition,  we  are 
evaluating  improved  radiative  transfer  models  to  better 
account  for  the  atmospheric  influences  on  microwave 
brightness  temperatures.  We  are  also  examining  different 
averaging  techniques  in  a  attempt  to  isolate  the  SSM/I  wind 
direction  signal  from  other  variability  in  the  SSM/I 
brightness  temperatures.  Additional  results  will  be  presented 
at  the  Conference. 

[1]  V.  M.  Krasnopolsky,  L.  C.  Breaker,  and  W.  H. 
Gemmill,  "A  neural  network  as  a  nonlinear  transfer 
function  model  for  retrieving  surface  wind  speeds  from 
the  special  sensor  microwave  imager,"  Journal  of 
Geophysical  Research,  Vol.  100,  pp.  11033-11045, 
June  1995. 

[2]  F.  J.  Wentz, "Measurement  of  Oceanic  Wind  Vector 
Using  Satellite  Microwave  Radiometers,"  Remote 
Sensing  Systems  Technical  Report  051591,  May  1991. 
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Abstract  -  An  improved  neural  network  (NN)  wind  speed 
retrieval  algorithm  which  covers  the  entire  range  permitted  for 
retrievals  both  with  respect  to  moisture  and  wind  speed  is 
presented.  Improvements  in  the  NN  approach  have  permitted 
the  development  of  a  wind  speed  retrieval  algorithm  which  can 
retrieve  wind  speeds  up  to  ~25  m/sec  for  LWP  concentrations 
<0.5  kg/m^,  with  a  bias  of  -0.2  m/s  and  an  rms  error  of  - 1 .75 
m/s.  Also,  results  are  presented  which  demonstrate  significant 
correlation  (correlation  coefficient  -0.75)  between  wind 
directions  retrieved,  using  a  NN,  and  buoy  wind  direction. 
Although  the  F 10  SSM/I  data  set  which  was  used  in  this  study 
was  noisy,  higher  quality  data  are  now  being  used  to  develop  a 
prototype  for  a  NN  wind  direction  retrieval  algorithm  for  the 
SSM/I. 

INTRODUCTION 

Retrieving  surface  winds  from  the  SSM/I  instrument  has  two 
primary  limitations:  (I)  the  level  of  moisture  in  the  intervening 
atmosphere,  and  (ii)  the  extent  of  whitecaps  and  foam  (WF)  over 
the  surface  of  the  ocean.  The  geophysical  transfer  function 
becomes  significantly  nonlinear  when  liquid  water  path  (LWP 
)>  0.1  kg/m^,  and  little  or  no  information  reaches  the  SSM/I 
from  the  surface  when  LWP  >  0.5  kg/m^  [1].  Secondly,  the  WF 
restriction  also  gives  rise  to  an  upper  limit  in  terms  of  the 
maximum  wind  speed  which  may  be  retrieved  (-25-30  m/sec 
[2]),  using  microwave  radiometry,  and  to  nonlinearity  in  the 
transfer  function  at  wind  speeds  higher  than  about  7-10  m/sec. 

The  fact  that  the  empirical  transfer  function  for  the  SSM/I 
wind  retrieval  problem  is  essentially  nonlinear  is  compounded 
by  the  problem  that  the  types  of  nonlinearity  are  not  known  a 
priori.  Thus,  linear  and  nonlinear  regression  approaches,  which 
are  routinely  used  to  model  such  empirical  transfer  functions, 
have  only  limited  success.  NNs  are  well-suited  to  serve  as 
flexible  nonlinear  models  for  a  very  broad  class  of  nonlinear 
transfer  functions  [1]. 

NN  algorithms  which  were  initially  developed  [1,3]  to 
retrieve  wind  speeds  from  the  SSM/I  were  both  moisture  and 
high  wind  speed  limited.  Subsequently,  a  single,  extended- 
range  (SER)  NN  algorithm  was  developed  [1]  which  covered 
the  entire  domain  of  moisture  levels  ( 0  <  LWP  <0.5  kg/m^ ). 
However,  this  algorithm  was  still  wind  speed  limited,  with  the 
accuracy  of  retrievals  dropping  off  significantly  at  wind  speeds 


higher  than  14-15  m/sec  and  in  no  case  could  generate  wind 
speeds  higher  than  - 1 8  m/sec.  Further  improvements  ia  the  NN 
approach,  particularly  at  higher  wind  speeds,  led  to  an  improved 
NN  retrieval  algorithm  [2]  which  covers  the  entire  retrieval  range 
both  with  respect  to  moisture  and  wind  speed. 

The  existing  of  wind  directional  signature  in  the  SSM/I  data 
has  been  established  both  theoretically  and  empirically  [4,5]. 
However,  in  retrieving  wind  direction  from  the  SSM/I,  two 
problems  must  be  addressed,  (1)  the  amplitude  of  the  signal  is 
very  small  and  (2)  an  ambiguity  may  exist  in  the  wind  direction 
retrievals.  Because  of  these  problems,  an  SSM/I  wind  direction 
retrieval  algorithm  has  not  yet  been  developed.  We  proceed  to 
show  that  the  NN  approach  which  is  sensitive  to  even  small 
systematic  signals  may  provide  a  practical  tool  for  wind  direction 
retrievals  from  the  SSM/I. 

WIND  SPEED 

To  develop  a  new  NN  algorithm  which  is  capable  of  generating 
higher  wind  speeds  than  our  previous  SER  NN  algorithm,  we 
have  initially  examined  the  sensitivity  of  the  different  SSM/I 
channels  to  changes  in  wind  speed,  and  then  developed  a  new 
training  strategy,  followed  by  a  correction  for  the  expected 
systematic  residual  error.  As  a  result,  a  new  NN  architecture  has 
been  developed  which  differs  significantly  from  that  used 
previously  [2,3]. 

We  have  found  that  in  addition  to  the  original  four  channels 
[19GHz(V),  22GHz(V),  and  37GHz(H,V)]  that  have  been  used 
in  most  previous  SSM/1  wind  speed  retrieval  algorithms,  the 
85GHz(V)  channel  can  further  improve  wind  speed  retrievals 
(especially  at  higher  wind  speeds)  and,  consequently,  it  has  been 
included  in  the  development  of  a  new  retrieval  algorithm. 

Because  there  are  very  few  matchups  available  at  higher  wind 
speeds  (w  >  15  m/sec),  the  distribution  of  wind  speeds  in  the 
training  set  is  highly  nonuniform  .  If  we  use  the  standard  cost 
function  in  NN  training,  where  all  of  the  data  are  equally 
weighted,  the  few  matchups  that  do  exist  at  high  wind  speeds 
become  completely  obscured  in  the  training  process.  This 
problem  can  be  reduced  if  a  weighted  cost  function  is  used  for 
training  instead  of  the  standard  cost  function.  A  weighted  cost 
function  can  be  expressed  as  (1),  where,  A  is  the  number  of 
matchups  in  the  training  set,  the  fF,  are  the  wind  speeds 
obtained  during  the  training  process,  the  w,  are  the  observed 
buoy  wind  speeds,  and  the  a;  are  the  weights. 
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Because  a  uniform  data  distribution  is  clearly  preferable  for 
training,  the  distribution  of  the  can  be  chosen  to  compensate 
for  the  inherent  nonuniformity  of  wind  speeds  in  our  training 
set.  A  distribution  which  is  inversely  proportional  to  the  square 
root  of  the  wind  speed  distribution  was  found  to  be  an 
acceptable  choice.  For  such  a  weighting  scheme,  the  highest 
wind  speeds  are  emphasized  and  the  NN  is  forced  to  learn  more 
from  these  few  cases.  The  penalty,  of  course,  is  that  any  errors 
at  high  wind  speeds  will  be  amplified  during  the  training 
process. 

Weighting  the  error  function  as  indicated  in  (1),  improves 
performance  of  the  NN  significantly  for  wind  speeds  in  the 
interval  from  ~  12m/s  to  20m/s  where  little  data  exist;  however, 
it  does  not  improve  the  performance  of  the  NN  significantly  for 
wind  speeds  higher  than  ~20m/s.  In  this  high  wind  speed  region 
the  transfer  function  is  clearly  not  supported  by  the  empirical 
data.  The  only  way  to  improve  the  NN  empirical  transfer 
function  in  this  region  is  to  introduce  an  empirical  correction. 
We  examined  the  bias  of  the  NN  model  and  found  that  the  bias 
as  a  function  of  wind  speed  (binned  and  calculated  as  the 
difference  between  the  buoy  and  the  NN-generated  wind 
speeds)  for  the  training  set  has  a  systematic  trend  which  we 
approximate  by  the  following  expression, 

b(w)  =  a  b  (w  -cy  (1  -  exp(-dw))  (2) 

By  applying  the  bias  correction  b(w)  to  the  wind  speed  w 
generated  by  the  NN  algorithm  as 

w  =NN(T ),  where  T  =  [tl9vy  t22v,  t37v,  t37h,  t85v]  (3) 

we  obtain  the  wind  speed  which  is  now  corrected  for  the 
systematic  error  as 

=  w  +  b(w)  (  4  ) 

In  these  calculations,  the  same  training  set  has  been  used  for 
developing  the  NN  and  for  calculating  the  bias  correction,  b(w). 

Equations  (3)  and  (4)  together  constitute  an  algorithm  called 
the  0MB  algorithm.  Table  1  shows  summary  statistics  for  the 
multiple  linear  regression  (MLR)  algorithm  [6],  our  original 
SER  NN  [1]  and  the  0MB  NN  algorithms  [2]  which  were  tested 
on  the  same  independent  test  set.  The  upper  part  of  Table  1 
shows  die  total  statistics  and  the  lower  part  shows  the  high  wind 
speed  statistics  for  wind  speeds  w  >  15  m/s.  The  weather 
conditions  correspond  to  the  clear  plus  cloudy  case  [3]  or  to  0. 
<  LWP  <  0.5  kg/m^.  Maximum  wind  speeds  are  also  shown  for 
comparison.  We  have  started  testing  of  the  0MB  NN  on  data 
from  the  currently  operational  FIO  and  FI 3  instruments.  Our 


Table  1 .  Total  and  high  wind  speed  statistics. 


Total 

Max  w 

Bias 

RMS 

Buoy 

21.2 

N/A 

N/A 

MLR 

28.8 

-1.42 

2.69 

SERNN 

16.1 

-0.01 

1.56 

OMBNN 

22.0 

0.17 

1.74 

w>  15  m/s 

MLR 

25.3 

-1.5 

2,84 

OMBNN 

22.0 

0.28 

2.27 

initial  results  show  that  the  0MB  NN  outperforms  the  MLR 
algorithm;  however,  both  of  these  algorithms  have  lower 
retrieval  accuracy  than  for  F8  instrument.  It  means  that  the  OMB 
NN  algorithm  must  be  modified  for  new  satellites  (NNs  should 
be  retrained  and  new  bias  corrections  obtained). 

WIND  DIRECTION 

Is  has  been  shown  empirically  [4]  and  theoretically  [5]  that 
the  SSM/I  brightness  temperatures  (BTs)  contain  a  low  amphtude 
wind  directional  signal.  Because  the  amplitude  of  this  signal  (~ 
2  -  4°  K)  is  weak,  neither  empirical  no  theoretical  approaches 
have  yet  to  succc 'd  in  developing  an  algorithm  for  retrieving 
SSM/I  wind  direction.  Only  two  components  {Q  and  U)  of  the 
Stokes  vector  S  (5)  contain  information  on  wind  direction  [5], 
where 


1 

T  +  T 

I 

V  h 

Q 

T  -  T. 

V  « 

u 

T  -  T 

n  m 

V 

1 

Here  corresponds  to  the  vertical  and  horizontal  polarizations, 
Tp^  to  the  ±45°  polarizations,  and  to  left-  and  right-hand 
circular  polarizations.  However,  only  Q  is  available  from  the 
SSM/I.  Even  if  a  low  amplitude  wind  direction  signal  could  be 
extracted  from  the  BTs,  there  would  still  be  an  ambiguity  in  the 
retrieved  wind  vectors  since  Q  depends  only  on  cos  (6)  and 
cos(20). 

To  examine  the  possibility  that  NNs  can  retrieve  a  wind 
directional  signal  from  SSM/I,  we  apphed  a  NN  to  a  small  data 
set  from  the  F 10  instrument.  This  data  set  is  limited  in  that:  (1) 
FIO  has  an  elliptical  orbit,  (2)  there  is  no  information  about 
satelhte  viewing  geometry,  (3)  only  less  than  300  matchups  are 
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within  25  km  and  0.5  hours  of  the  buoy  data.  For  testing,  we 
~  1,000  matchups  which  were  within  50  km  and  0.5  hours  of  the 
buoy  data. 

Two  NNs  were  trained  The  first  one  has  been  trained  to 
retrieve  cos(d)  and  cos(2d),  and  the  second  one,  cos(0)  and 
sm(6).  All  seven  BTs  were  used  as  NN  inputs.  Using  the  test 
set,  both  NNs  were  able  to  retrieve  cos( 6)  with  an  rms  error  of 
-0.5.  The  correlation  coefficient  (CC)  between  the  buoy  cos( 6) 
and  the  NN-generated  cos(0)  was  -0.76.  For  cos(20)  the  first 
NN  gives  an  rms  error  of  -0.59  and  a  CC  of  -0.52;  for  sin(0), 
the  second  NN  gives  an  rms  error  of  -0.5  and  a  CC  of  -0.61 . 

For  cos(6^,  the  correlation  between  the  NN  retrievals  and  the 
buoy  data  is  considered  significant,  and  our  results  suggest  that 
NNs  can  retrieve  cos(6).  Using  better  matchup  data  and 
additional  information  (such  as  satellite  viewing  angles,  SST, 
and  moisture  concentration),  both  the  rms  error  and  the 
correlations  may  be  improved.  Regarding  and 

our  calculations  demonstrate  better  statistics  for  sin(0),  an 
unexpected  result  according  to  the  theory;  however,  the  high 
noise  level  in  our  data  prevents  us  from  considering  these 
correlations  as  significant. 

DISCUSSION  AND  CONCLUSIONS 

A  new  0MB  NN  algorithm  has  been  developed  using  only 
the  SSM/I F8  database.  This  database  has  many  limitations;  it 
does  not  have  a  sufficient  number  of  matchups  at  high  wind 
speeds,  high  latitudes  are  poorly  represented,  and  matchup 
uncertainties  could  be  reduced.  The  0MB  algorithm  was  tested 
on  matchup  data  for  the  FIO  and  F13  SSM/I  instruments  and 
showed  significant  improvements  both  in  the  accuracy  of  the 
retrievals  and  in  providing  increased  areal  coverage  as  compared 
with  the  current  operational  algorithm  [6].  The  0MB  algorithm 
has  been  applied  to  extratropical  cyclones  in  both  hemispheres 
at  mid-latitudes  characterized  both  by  significant  moisture  and 
high  wind  speeds.  Wind  speed  retrievals  from  both  (he  F 10  and 
FI 3  instruments  based  on  the  new  algorithm,  showed  major 
improvements  in  resolving  details  in  surface  wind  speed 
patterns.  However,  the  absolute  errors  which  the  0MB  NN  (and 
the  current  operational  MLR  algorithm)  demonstrated  for  FIO 
and  FI 3  were  higher  than  for  the  original  F8  data  set.  Taking 
into  account  these  limitations,  the  OMB  algorithm  will  be  re¬ 
evaluated  and  improved  when  a  more  representative  matchup 
database  is  produced.  The  creation  of  such  a  database  is 
presently  imderway. 

Regarding  the  possibility  of  retrieving  wind  direction,  our 
results  demonstrate  that  even  our  relatively  simple  approach  (no 
information  except  BTs  was  used  for  the  NN  training)  enabled 
us  to  retrieve  cos(0).  Thus,  the  NN  is  sensitive  enough  to 
recognize  the  weak  wind  direction  signal  in  the  SSM/I  BTs  and 
to  retrieve  (his  signal.  K  no  signal  of  significant  amplitude 
which  is  proportional  to  odd  functions  of  wind  direction  exist  in 
the  BTs,  wind  direction  retrievals  will  be  ambiguous  (±  0 
ambiguity)  and  a  future  SSM/I  wind  direction  retrieval 
algorithm  must  include  an  ambiguity  removal  procedure. 


Overall,  the  NN  approach  is  a  useful  tool  in  addressing  the 
SSM/I  wind  retrieval  problem.  It  has  a  great  potential  as  a 
generic  tool  for  the  empirical  solution  of  inverse  problems  in 
remote  sensing.  It  is  very  flexible  and  can  also  be  used  in 
combination  with  theoretical  approaches. 
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Abstract  —  Wind  velocities  over  the  ocean  can  be  estimated 
using  measurements  from  spaceborne  scatterometers  by  in¬ 
verting  the  Geophysical  Model  Function  (GMF)  which  relates 
normalized  backscatter  to  wind  velocity.  Current  estimation 
procedures  employ  maximum-likelihood  techniques.  Unfor¬ 
tunately,  there  are  several  local  maxima  of  the  maximum- 
likelihood  function.  As  a  result,  several  (2-6)  wind  estimates 
are  returned  as  possible  solutions  at  each  wind  vector  cell.  An 
ambiguity-removal  step  is  required  to  determine  a  wind  field. 
In  this  paper,  we  develop  a  statistical  test  to  distinguish  among 
the  maxima  of  a  maximum  likelihood  equation,  and  apply  it  to 
wind  estimation.  An  upper  bound  is  derived  on  the  probability 
of  error  if  a  lower  likelihood  wind  estimate  is  discarded.  This 
bound  is  used  to  eliminate  improbable  wind  solutions.  Using 
this  procedure  we  show  that  for  most  ERS-1  wind  vector  cells 
the  number  of  wind  estimates  can  be  reduced  to  two.  This 
reduces  the  complexity  of  the  ambiguity-removal  step  while  at 
the  same  time  increasing  the  confidence  in  the  entire  retrieved 
wind  field. 


INTRODUCTION 

Spaceborne  scatterometers  are  a  proven  method  of  estimating 
wind  velocities  over  the  earth’s  oceans.  A  wind  scatterometer 
makes  indirect  measurements  of  the  normalized  radar  backscat¬ 
ter  coefficient,  cr^,  of  the  ocean’s  surface.  The  backscatter  is 
then  related  to  the  wind  velocity  over  the  surface  by  inverting  an 
empirical  relationship  called  the  Geophysical  Model  Function 
(GMF).  Wind  retrieval  algorithms  are  based  on  the  optimiza¬ 
tion  of  a  maximum-likelihood  (ML)  objective  function  which 
is  based  on  a  statistical  model  of  the  measurements. 

Unfortunately,  in  general  there  are  multiple  wind  velocities, 
or  ambiguities,  which  give  maxima  of  the  likelihood  function. 
Current  techniques  keep  all  of  the  local  maxima  of  the  likeli¬ 
hood  function  for  further  processing  by  an  ambiguity-removal 
algorithm  which  uses  correlation  in  adjacent  cells  or  other 
techniques  to  determine  a  wind  field. 

However,  keeping  all  the  wind  vectors  which  give  local 
maxima  of  the  likelihood  function  does  not  adhere  to  the 
general  philosophy  of  a  maximum  likelihood  estimate:  pick 
the  wind  velocity  which  gives  the  largest  probability  that 
the  measurements  would  have  been  observed.  It  is  hard  to 
statistically  justify  retaining  a  wind  velocity  estimate  that  has  a 
distinctly  lower  likelihood  value  than  the  maximum  value.  The 
problem  is  determining  how  much  lower  the  likelihood  value 
should  be  before  the  wind  velocity  solution  is  eliminated  as  a 
0-7803-3068-4/96$5.00©1996  IEEE 


possible  wind  vector.  A  solution  to  this  problem  is  to  formulate 
a  probabilistic  question,  and  then  place  a  probability  threshold 
for  eliminating  wind  vectors  at  a  statistically  satisfying  level. 

It  is  important  to  note  that  the  technique  developed  below  for 
resolving  maxima  in  a  ML  equation  with  multiple  maxima  can 
be  employed  in  any  ML  estimation  procedure.  The  notation 
given  in  developing  the  technique  is  convenient  for  wind 
estimation  but  the  technique  is  general. 

STATISTICAL  TEST 

To  establish  notation,  let  z  be  a  vector  of  measurements, 
and  let  w  be  the  wind  vector.  Let  zq  be  a  particular  vector 
of  measurements  and  wq  and  wi  particular  wind  vectors 
associated  with  the  maxima  of  the  log-likelihood  function,  i.e.. 
Wo  and  wi  are  two  ambiguities,  where  wi  is  the  most-likely 
ambiguity  of  the  set  of  ambiguities  resulting  from  point- wise 
wind  retrieval.  In  addition,  let  Mk^i  be  the  value  of  the 
Geophysical  Model  Function  (GMF)  when  the  wind  is  and 
the  measurement  is  taken  with  the  incidence  and  azimuth  angles 
corresponding  to  the  measurement  Zk^  Furthermore,  <^l.i  is 
the  variance  of  the  measurement  Zk  assuming  a  wind  of  Wj . 

We  want  to  develop  a  statistical  test  to  determine  if  we 
should  retain  ambiguity  wq  for  further  processing.  To  do  this 
we  evaluate  the  probability  that  the  observed  ratio  of  likelihood 
values  would  be  as  large  if  wq  is  the  true  wind.  In  other 
words  we  want  to  evaluate  the  probability  that  pz(z|wi)  > 
/Cpz(z|wo)  given  that  wq  is  the  true  wind.  The  constant  K  is 
the  observed  likelihood  ratio,  K  =  Pz(zo|wi)/pz(zo|wo).  In 
other  words,  define 

ao(A:)  =  Prob[pz(z|wi)  >  /Cpz(z|wo)|wo],  (1) 

ao  is  then  the  probability  that  the  likelihood  ratio,  JC,  would  be 
observed  if  the  lower-ranked  ambiguity  (wq)  is  the  true  wind. 
A  small  value  of  ao  suggests  that  wq  is  not  a  reasonable  wind 
estimate  and  can  thus  be  discarded. 

To  simplify  the  calculation  of  ao  we  use  the  log-likelihood 
ratio  log£(z)  where 

log£(z)  =  log[p2(z|wi)/pz(z|wo)] 

and  calculate  the  probability  that  \ogC{z)  >  log/C  given  wq 
is  the  true  wind.  This  ratio  can  be  written  as 

log£(z)  = 

,  ( (^k,o\  ,  {zk  -  \ 

- 
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where  again  Mk,i  denotes  the  value  of  Mk  assuming  a  wind  of 
Wi  and  ak,i  is  the  value  of  ak  assuming  a  wind  of  w^.  Note 
that  in  this  paper  the  CMOD-FDP  GMF  is  used  [1]. 

We  define  several  variables  useful  in  simplifying  this  ex~ 
pression  and  obtaining  the  probability  density  function  in  order 
to  evaluate  the  probability. 


a  = 

Ck  — 


b  = 
dk  = 


l^k^X 

CTfc  o(Affe,o— 


Xk  - 


jZk)  —  Mk^O 
O’k^O 


and  the  random  variable  /, 


N 

I  =  logC{z)  -  a -\- b  =  'Y^{ckxl  -  dkXk)  ^  (3) 

A;=l 


Note,  that  assuming  wo  is  the  true  wind  implies  that  each 
Xk  is  a  zero-mean,  unit-variance,  Gaussian  random  variable. 
Now,  ao  can  be  computed  as  the  probability  that  /,  a  random 
variable  which  is  a  function  of  the  measurements,  is  greater 
than  or  equal  to  y  =  log/C  —  a  +  b  given  that  wq  is  the  true 
wind.  Thus, 


f-OO 

ao(/C)  =  /  pi(l\wo)dl. 
Jy 


(4) 


Calculating  the  probability  function  of  /  is  a  difficult  task 
in  general.  However,  the  moment-generating  function  can  be 
obtained  in  a  fairly  straightforward  manner  since  the  measure¬ 
ments  are  independent.  The  result  is 


( 


2  -  Acks) 


(5) 


The  central  limit  theorem  guarantees  that  as  N  gets  large 
(corresponding  to  more  measurements)  the  distribution  of  / 
approaches  a  normal  distribution  with  mean  ^ 
variance  ^  makes 

calculation  of  ao  a  trivial  task.  For  small  N  the  distribution  of 
/  is  more  complicated  but  can  be  expressed  asymptotically  as  a 
normal  density  plus  an  error  term.  The  error  term  can  be  written 
in  terms  Hermite  polynomials  and  moments  of  the  density 
function  [2].  These  moments  can  be  obtained,  in  principle, 
from  the  moment-generating  function  of  /.  Thus,  a  series 
solution  for  ao  can  be  found.  Defining  v  =  {y  —  rj)/ {\/2(t)  we 
obtain. 


1  ^  C 

ao  =  ^  [1  -  erf(t;)]  +  Y.  (6) 

2  fc=3 


where 


Lk,m 


(-ir  {E  [(/  -  -  Lk,m) 

_  2m)!(T*'-2m2A;/2+m 

r  0  ^  odd, 

I  _  2m  —  1)!!  even. 


(7) 

(8) 


Figure  1:  Plot  of  ao  estimated  from  simulation  versus  ao 
estimated  from  four  terms  of  series  in  (6),  Also  a  plot  of  the 
best  Chemoff  bound  versus  the  series  calculation  ofa^y. 


Simulation  suggests  that  more  than  four  terms  are  required 
to  get  an  accurate  value  of  ao  when  there  is  large  variance 
in  the  measurements  due  to  large  modeling  error.  Since  the 
moments  of  I  become  increasingly  cumbersome  to  calculate, 
an  alternative  approach  may  be  used  which  involves  only  an 
easily  computable  upper  bound  on  the  value  of  ao. 

By  establishing  an  upper  bound  on  ao,  a  conservative  deci¬ 
sion  can  be  based  on  the  value  of  the  upper  bound  rather  than 
the  exact  value.  A  relatively  tight  upper  bound  is  the  Chernoff 
bound  which  states  that  for  arbitrary  s  >  0, 

ao  <  (9) 

where  A^i{s)  is  the  moment  generating  function  of  /. 

The  tightest  Chernoff  bound  is  obtained  by  finding  the  value 
of  s  that  minimizes  or  —sy  -f  log(^/(5)).  Such 

a  value  is  a  positive  real  root  of  a  polynomial  of  order  2A, 
restricted  to  ensure  a  real  value  of  Thus,  the  minimum 

value  of  the  bound  can  be  found  in  a  computationally  tractable 
way.  However,  to  speed  computation  a  single  value  of  s  for 
global  use  is  often  used.  Testing  using  ERS-1  orbit  parameters 
shows  that  is  extremely  flat  around  the  minimum 

value  near  5=1.  Thus,  s  =  1  is  a  satisfactory  choice  for 
obtaining  a  useful  upper  bound.  Numerically  evaluating  this 
bound  provides  a  value  to  be  used  in  the  probability  test  given 
in  (1).  Remembering  that  ao  is  the  probability  of  discarding  an 
ambiguity  which  is  the  true  wind,  a  threshold  for  this  probability 
is  selected.  The  Chernoff  bound  (5  =  1)  is  then  computed.  Any 
ambiguities  with  probability  bounds  less  than  the  threshold 
can  be  discarded  with  confidence  since  the  probability  that  the 
discarded  ambiguity  is  the  true  wind  is  less  than  the  chosen 
threshold. 

Since  it  is  desirable  to  throw  out  as  many  aliases  as  possible 
without  removing  the  true  wind,  it  is  advantageous  to  evaluate 
how  tightly  the  Chernoff  bound  approaches  ao  for  various  wind 
vector  cells  and  wind  estimates.  Fig.  1  shows  the  relationship 
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All  aliases 


Surviving  after  0.001  threshold 


between  Monte-Carlo  calculation  of  ao  and  a  four-term  series 
calculation  using  (6)  for  all  of  the  aliases  in  500  wind  vector 
cells.  Actual  measurements  are  used. 

Two  distinct  relationships  are  shown  in  Fig.  1.  The  first 
is  a  plot  of  simulation-calculated  ao  versus  series-calculated 
ao  which  shows  excellent  agreement  between  simulation  and 
series  calculations.  The  second  is  a  plot  of  the  best  Chernoff 
upper  bound  versus  the  series  calculation  of  ao.  Note  that  for 
a  given  upper  bound  the  actual  value  of  ao  for  that  likelihood 
ratio  is  consistently  a  factor  of  10  lower.  This  implies  that 
the  upper  bound  selected  for  thresholding  can  be  about  10 
times  larger  than  the  acceptable  probability  of  throwing  out  the 
correct  wind.  Thus  if  a  10“”^  probability  of  throwing  out  the 
correct  wind  is  desired,  a  threshold  of  10”^  can  be  selected. 

PERFORMANCE 

The  utility  and  performance  of  the  method  of  eliminating  wind 
aliases  described  in  this  paper  can  be  illustrated  with  the  aid 
of  Fig.  2.  In  part  (a),  all  wind  aliases  returned  by  a  ML  wind 
retrieval  algorithm  for  a  particular  region  within  an  ERS-1 
swath  are  kept.  In  part  (b)  only  the  ambiguities  greater  than  a 
threshold  of  10”^  are  shown.  Note  how  the  resulting  “most 
probable  ambiguities”  field  clearly  enables  determination  of 
the  wind  streamline. 

To  further  analyze  the  performance  of  upper-bound  thresh¬ 
olding  on  removing  wind  aliases,  we  use  simulated  measure¬ 
ments  based  on  known  wind  fields  and  ERS-1  orbit  parameters. 
For  this  simulation  only  communication  noise  is  added.  The 
results  are  in  summarized  in  Fig.  3  where  a  comparison  is  made 
between  using  the  thresholding  scheme  and  not  using  it.  When 
all  wind  aliases  are  kept,  there  is  an  average  of  3.4  aliases  per 
cell.  Applying  an  upper-bound-  probability  threshold  of  0,001 
reduces  this  number  to  2.3  aliases  per  cell  with  a  large  majority 
of  the  cells  having  only  2  aliases.  This  reduction  is  obtained 
without  ever  erroneously  discarding  the  alias  closest  to  the  true 
wind. 

As  a  final  demonstration,  actual  measurements  are  used 
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Figure  3:  Histograms  of  the  number  of  cells  with  a  given 
number  of  aliases  when  thresholding  is  applied  versus  when  it 
is  not  applied  using  simulated  measurements. 
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Figure  4:  Histograms  of  the  number  of  cells  with  a  given 
number  of  aliases  when  thresholding  is  applied  versus  when  it 
is  not  applied  using  real  measurements  from  ERS-1  revolution 
7220  ascending. 


from  the  ascending  portion  of  ERS-1  revolution  7220.  A  graph 
similar  to  Fig.  3  is  shown  in  Fig.  4.  As  in  the  simulations,  the 
scheme  eliminates  all  but  two  aliases  for  nearly  all  of  the  wind 
vector  cells.  Since  the  true  wind  is  unavailable,  a  count  is  made 
of  how  many  times  the  alias  closest  to  the  wind  selected  by  the 
European  Space  Agency  (ESA)  for  that  cell  is  discarded. 

CONCLUSION 

We  have  developed  a  statistical  test  which  can  be  used  to 
effectively  to  distinguish  between  solutions  in  inverse  problems 
in  which  maximum  likelihood  estimation  results  in  multiple 
maxima.  The  technique  is  applied  to  eliminating  improbable 
wind  solutions  arising  in  point-wise  wind  estimation  using 
scatterometer  data.  Evaluation  of  the  technique  suggests  that 
it  can  be  used  effectively  to  support  ambiguity  removal  by 
eliminating  all  but  two  wind  aliases  for  nearly  all  of  the  wind 
vector  cells  in  a  swath. 
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Abstract  -  Ocean  surface  winds,  which  drive  the  ocean 
currents  and  momentum  flux  exchanges,  are  critical  for 
numerous  atmospheric  and  oceanographic  studies.  Ocean 
surface  winds  also  generate  small  capillary  waves  which  affect 
the  normalized  radar  cross  section  (a^)  of  the  ocean  surface. 
A  scatterometer  is  a  microwave  radar  that  measures  ocean 
surface  cfi  values  which,  in  turn,  can  be  used  to  determine  the 
driving  wind  speed  and  direction  through  the  inversion  of  an 
empirical  model  function  relating  to  wind  speed  and 
direction.  Unfortunately,  for  a  given  value  of  measured  a^, 
there  is  not  a  unique  wind  vector  solution.  Multiple  a® 
measurements  of  the  same  ocean  area  using  different  viewing 
geometries  and/or  polarizations  can  be  used  to  reduce  the 
number  of  possible  wind  vector  solutions. 

Seasat-A  was  launched  in  1978  to  perform  global  mapping 
of  ocean  surface  wind  fields  using  scatterometry.  Following 
the  success  of  the  Seasat  mission,  the  NASA  Scatterometer 
(NSCAT)  was  designed  and  built  to  be  launched  on  ADEOS 
in  August  of  1996.  Whereas  Seasat  only  measured  from 
two  different  viewing  geometries  producing  four  equally 
likely  wind  vector  solutions,  NSCAT  will  have  improved 
instrument  skill  by  measuring  cfi  from  three  different  viewing 
geometries  with  one  of  the  antennas  making  dual-polarization 
measurements.  The  NSCAT  configuration  provides 
additional  information  to  assist  in  the  selection  of  a  wind 
vector  solution.  The  process  of  selecting  one  of  the  wind 
vector  solutions  to  represent  the  true  wind  vector  is  referred  to 
as  ambiguity  removal  or  dealiasing. 

The  ambiguity  removal  algorithm  currently  planned  for 
NSCAT  utilizes  a  simple  median  filter.  From  simulations,  it 
has  been  determined  that  the  median  filtering  technique  will 
have  an  average  skill  of  about  87.6%,  i.e.  it  will  select  the 
wind  vector  nearest  to  the  true  direction  about  87.6%  of  the 
time.  The  errors  remaining  in  the  wind  field  after  ambiguity 
removal  tend  to  be  clustered  together,  span  the  width  of  the 
swath  (600  km),  and  extend  in  the  along  track  direction  for 
several  hundred  kilometers.  Errors  also  tend  to  produce  sharp 
discontinuities  in  the  retrieved  wind  field  where  there  are  no 
such  discontinuities  in  the  true  wind  field.  We  will  discuss 
techniques  of  ambiguity  removal  and  outline  two  new 
algorithms  which  can  be  used  to  improve  ambiguity  removal 
performance  without  the  inclusion  of  additional  wind  field 
information.  The  techniques  are  applied  to  simulated  NSCAT 


This  work  was  performed  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  Pasadena,  CA,  under  contract 
with  the  National  Aeronautics  and  Space  Administration. 
0-7803-3068-4/96$5.00©1996  IEEE 


data  but  can  be  generalized  to  other  scatterometer  instruments 
such  as  the  ERS-1  and  ERS-2  scatterometers,  and  SeaWinds 
to  be  launched  aboard  ADEOS-H  in  1999. 


INTRODUCTION 

A  scatterometer  system  indirectly  determines  the  speed  and 
direction  of  wind  near  the  ocean's  surface  via  measurements  of 
the  normalized  radar  cross  section  (a®).  As  wind  blows  over 
the  ocean,  it  creates  small  ripples  on  the  ocean's  surface. 
These  ripples  affect  the  radar  cross  section  of  the  ocean 
through  resonant  Bragg  scattering  [1].  Empirical  model 
functions  have  been  developed  which  describe  as  a  function 
of  wind  speed,  relative  azimuth  wind  direction,  incidence 
angle,  and  polarization.  A  scatterometer  measures  the  ocean 
surface  from  several  different  viewing  geometries  and/or 
polarizations.  For  each  measurement  of  a^,  there  is  a 
continuous  curve  of  possible  wind  speed/direction  pairs. 
Using  multiple  measurements  of  from  different  azimuth 
angles  and/or  polarizations  reduces  the  set  of  solutions  to  a 
handful  of  possible  wind  vectors.  In  the  case  of  NSCAT, 
which  utilizes  three  vertically  polarized  measurements  at 
different  azimuth  angles  and  one  horizontally  polarized 
measurement,  there  are  generally  four  unique  wind  vector 
solutions  for  each  50  km  x  50  km  wind  vector  cell  [2],  The 
wind  vector  solutions  are  commonly  referred  to  as  aliases  or 
ambiguities,  and  the  process  of  selecting  one  of  the  vectors  as 
the  solution  vector  is  referred  to  as  dealiasing  or  ambiguity 
removal. 

MEDIAN  FILTERING 

An  effective  technique  for  selecting  a  solution  vector  out  of 
the  set  of  ambiguities  for  a  wind  vector  cell  is  to  use  median 
filtering  (MF)  [3].  The  median  filter  selects  the  ambiguity 
which  has  the  minimum  summed  vector  difference  between 
itself  and  the  selected  vectors  of  the  neighboring  wind  vector 
cells  in  an  NxN  region.  In  essence,  the  median  filter  selects 
the  ambiguity  that  makes  a  wind  vector  cell  "most  similar"  to 
its  neighbors.  In  order  to  start  the  median  filtering  process, 
an  initial  wind  field  must  be  chosen.  In  NSCAT  science  data 
processing,  the  initial  wind  field  is  determined  by  employing 
a  maximum  likelihood  estimator  to  the  ambiguities  of  each 
wind  vector  cell.  The  ambiguity  with  the  highest  likelihood 
of  being  nearest  to  the  true  wind  direction  is  called  the  first 
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ranked  vector  and  is  used  to  initialize  the  wind  vector  cell. 
Once  an  initial  wind  field  is  determined  by  selecting  the  first 
ranked  vector  from  each  wind  vector  cell,  the  median  filter  is 
repeatedly  applied  to  the  wind  field  until  it  converges. 

To  a  certain  extent,  the  median  filter  imposes  continuity  on 
the  wind  field  and  consequently  relies  on  the  first  ranked 
vectors  generally  pointing  in  the  correct  direction.  A  metric 
called  skill  has  been  devised  which  indicates  the  percent  of 
selected  ambiguities  which  are  closest  to  the  true  wind 
direction.  Simulations  indicate  that  the  first  skill,  i.e.  the 
skill  of  the  first  ranked  ambiguity,  is  about  57.8%  for 
NSCAT. 

There  is  a  technique,  called  "nudging,"  which  uses  a  model 
wind  field  to  select  the  initial  wind  vector  cell  directions 
rather  than  simply  using  the  first  ranked  vectors.  This 
technique  tends  to  improve  the  overall  skill  of  the  retrieved 
wind  field.  However,  there  are  instances  in  which  the  model 
wind  field  has  missed  a  feature,  such  as  a  cyclone,  and 
consequently  causes  systematic  dealiasing  errors  in  the 
retrieved  wind  field.  The  techniques  presented  in  this  paper 
are  aimed  at  dealiasing  scatterometer  data  without  relying  on 
additional  information. 

SIMULATED  NSCAT  DATA 

An  NSCAT  simulation,  called  SuperSim,  has  been 
developed  at  the  Jet  Propulsion  Laboratory,  SuperSim 
simulates  the  operation  of  NSCAT  in  a  highly  detailed 
fashion  including  employing  orbit  propagation  algorithms, 
using  measured  antenna  gain  patterns  for  power  calculations, 
and  incorporating  expected  errors  in  both  measurements  and 
the  model  function.  We  have  simulated  the  flight  of  NSCAT 
over  39  high  resolution  (V  x  V)  ECMWF  wind  fields 
resulting  in  546  orbits  worth  of  data  using  SuperSim. 
The  ECMWF  wind  fields  have  a  time  resolution  of  six  hours 
and  the  39  wind  fields  used  were  selected  from  data  acquired 
between  December  26,  1991  and  September  30,  1992  so  that 
the  selected  fields  were  spaced  approximately  a  week  apart. 
For  each  wind  field,  14  orbits  of  NSCAT  were  simulated, 
producing  about  23.5  hours  worth  of  data  for  each  wind 
field.  The  data  was  then  processed  into  wind  vector 
ambiguities  using  NSCAT  science  data  processing  software. 

ERROR  DECORRELATION 

The  median  filtering  technique  tends  to  create  clumps  of 
incorrectly  selected  vectors  because  it  favors  the  local 
direction  as  specified  by  the  neighboring  selected  vectors. 
Thus,  if  a  majority  of  the  selected  wind  vectors  in  the  median 
filter  window  are  pointing  in  the  wrong  direction,  the  median 
filter  will  tend  to  align  the  central  vector  with  these  incorrect 
vectors  creating  a  cluster  of  errors.  Median  filtering  is 
generally  successful  if  the  skill  of  the  initialized  wind  field  (in 
our  case,  the  first  skill)  is  high  and  the  erroneous  vectors  are 
randomly  distributed.  It  is  expected,  however,  that  errors  in 
the  first  ranked  vector  wind  field  for  NSCAT  will  not  be 
randomly  distributed.  In  generating  our  simulated  data,  we 
have  made  some  assumptions  about  error  correlation.  Model 


function  errors  were  correlated  within  50  km  by  50  km 
regions,  while  receiver  errors  were  correlated  along  the  entire 
beam  for  50  km  in  the  along  track  direction.  These 
correlation  assumptions  produced  a  clustering  effect  in  the 
first  ranked  vectors. 

The  objective  of  the  error  decorrelation  plus  median 
filtering  algorithm,  as  the  name  suggests,  is  to  break  up 
clumps  of  errors  in  the  initial  first  ranked  wind  field.  To 
decorrelate  the  errors,  a  pair  flip  operation  is  applied  to  the 
initial  wind  field  prior  to  median  filtering.  The  pair  flip 
operation  flips  the  directions  of  two  wind  vector  cells  by 
approximately  180  degrees  if  they  satisfy  the  following  three 
criteria:  (1)  the  two  wind  vector  cells  are  adjacent  to  each 
other;  (2)  the  first  ranked  vectors  of  the  two  cells  are 
approximately  opposite  in  direction;  (3)  neither  vector  has 
previously  been  pair  flipped.  We  assume  that  two  adjacent 
wind  vector  cells  are  unlikely  to  have  nearly  opposite  wind 
directions.  Thus,  one  of  the  two  cells  is  probably  wrong,  and 
the  other  is  correct.  By  flipping  the  directions  of  both  cells, 
the  location  of  the  incorrect  selection  is  moved  (hopefully 
away  from  neighboring  incorrect  vectors)  but  the  number  of 
incorrectly  selected  vectors  remains  the  same.  This  has  the 
effect  of  redistributing  errors  in  the  first  ranked  wind  vectors 
without  degrading  the  overall  first  ranked  skill.  Once  the  pair 
flip  operation  has  been  applied,  standard  median  filtering  is 
employed. 

Fig.  1  shows  a  skill  density  comparison  of  error 
decorrelation  plus  median  filtering  (ED+MF)  and  median 
filtering  (MF).  The  average  skill  increases  from  87.6%  for 
median  filtering  alone  to  89.2%  when  error  decorrelation  is 
applied.  The  actual  performance  improvement  will  depend  on 
the  nature  of  error  correlation  in  actual  NSCAT  data. 

SKILL  GUIDED  MEDIAN  HETERING 

The  median  filtering  technique  applied  to  NSCAT  data 
involves  initializing  the  solution  wind  field  with  the  first 
ranked  ambiguities  from  each  wind  vector  cell  and  applying 
the  median  filter  to  the  entire  wind  field.  A  problem  with 
this  approach  is  that  all  regions  of  the  wind  field  are  allowed 
to  influence  the  median  filtering  process  equally.  Ideally,  we 
want  to  begin  the  median  filtering  process  in  areas  where  we 
expect  to  have  a  large  number  of  correctly  selected  vectors. 


Skill  Density  Comparison  for  ED+MF 
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Fig.  1,  Skill  Density  Comparison  for  ED+MF 
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As  correctly  disambiguated  areas  "grow"  via  median  filtering, 
they  would  influence  neighboring  areas.  This  is  the  basic 
concept  behind  Skill  Guided  Median  Filtering  (SGMF), 

Using  the  simulated  NSCAT  data,  we  have  found  that  the 
following  parameters  affect  the  skill  of  the  first  ranked  vector: 
the  speed  of  the  first  ranked  vector,  the  direction  of  the  first 
ranked  vector  relative  to  the  antenna  beams,  and  the  cross 
track  distance  (incidence  angle)  of  a  wind  vector  cell.  The 
first  skill  was  calculated  as  a  function  of  these  parameters  and 
are  plotted,  in  an  average  sense,  in  Fig.  2. 

In  the  SGMF  algorithm,  this  first  skill  information  is  used 


Skill  Density  Comparison  for  SGMF 
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First  Skill  vs.  First  Ranked  Wind  Direction 
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Fig,  2,  (a)  First  Skill  vs.  First  Ranked  Wind  Speed;  (b) 
First  Skill  vs.  First  Ranked  Wind  Direction;  (c)  First  Skill 
vs.  Wind  Vector  Cell  Cross  Track  Distance 


Fig.  3.  Skill  Density  Comparison  for  SGMF 

to  guide  the  median  filtering  process  via  selective  filtering  and 
weighting.  The  algorithm  steps  are  as  follows:  (1)  Initialize 
the  wind  field  with  the  first  ranked  vectors  (as  in  standard 
median  filtering);  (2)  Calculate  an  expected  skill  for  each  wind 
vector  cell  based  on  the  empirical  skill  function;  (3)  Calculate 
an  average,  or  local,  skill  for  each  NxN  region,  where  NxN  is 
the  size  of  the  median  filter  to  be  applied;  (4)  Apply  the 
median  filter  (weighted  by  the  expected  skill)  only  to  wind 
vector  cells  which  have  a  local  skill  above  some  threshold. 
Exclude  third  and  fourth  ranked  vectors  from  being  selected; 

(5)  Repeat  step  4  multiple  times  while  reducing  the  local 
skill  threshold  until  all  wind  vector  cells  have  been  filtered; 

(6)  Apply  the  median  filter  (weighted  by  the  expected  skill)  to 
all  wind  vector  cells  and  allow  third  and  fourth  ranked  vectors 
to  be  selected;  (7)  Repeat  step  6  until  the  retrieved  wind  field 
converges. 

The  SGMF  algorithm  increases  the  average  skill  from 
87.6%  for  median  filtering  alone  to  89.6%.  A  plot  of  the 
skill  densities  for  median  filtering  and  SGMF  is  shown  in 
Fig.  3. 

SUMMARY 

Standard  median  filtering  has  proven  to  be  a  robust 
approach  to  ambiguity  removal.  However,  algorithms  such 
as  ED+MF  and  SGMF  can  be  used  in  conjunction  with 
median  filtering  to  improve  its  performance. 
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Abstract— ScatteiomctcT  wind  retrieval  is  based  on  the  rela¬ 
tionship  between  the  wind  over  the  ocean  and  the  resulting 
scattering  cross  section  of  the  surface;  this  relationship,  termed 
the  “geophysical  model  function,”  maps  the  wind  speed,  rel¬ 
ative  wind  direction  (relative  to  the  antenna  azimuth  angle), 
antenna  incidence  angle,  polarization  and  frequency  band  to  the 
scattering  cross  section.  The  sea  surface  temperature,  salinity, 
long  waves,  wind  variability  within  a  scatterometer  footprint, 
etc.,  lend  variability  to  the  backscatter.  A  particular  observation 
of  the  wind-dependent  backscatter  can  be  viewed  as  a  random 
variable  with  mean  given  by  the  geophysical  model  function 
and  variability  due  to  unmodelled  effects  and  measurement 
errors.  Little  is  known  about  the  variability  due  to  unmodelled 
effects,  or  the  statistics  of  this  variability;  this  paper  presents 
some  considerations  and  simulations  to  estimate  the  magnitude 
of  the  model  function  error. 

INTRODUCTION 

The  geophysical  model  function  relates  the  wind  over  the  ocean 
surface,  along  with  parameters  characterizing  the  way  the  radar 
looks  at  the  surface,  to  the  normalized  radar  cross  section, 
cr®.  However,  there  are  many  unmodelled  factors  affecting 
the  relationship  between  the  wind  and  the  radar  cross  section; 
these  can  be  viewed  as  terms  causing  variability  in  the  true 
value  of  the  backscatter  for  given  wind  and  satellite  condi¬ 
tions.  For  example,  CMOD4  doesn’t  account  for  temperature 
or  salinity  [1],  which  [2]  suggests  affect  the  backscatter.  Under¬ 
standing  the  magnitude  and  effect  of  this  variability  improves 
our  understanding  of  the  model  function  and  the  scatterometer 
measurement  process. 

In  this  paper,  a  measurement  model  is  expressed,  describing 
how  the  model  function  value  of  the  backscatter  is  corrupted 
by  thermal  noise  and  unmodelled  parameters;  this  leads  to 
an  equation  for  the  variance  of  the  model  function.  Then, 
simulated  results  demonstrate  that  this  technique  provides  a 
means  to  estimate  the  model  function  error  from  scatterometer 
data.  Data  from  the  ERS-1  satellite  is  then  examined  to  study 
the  general  behavior  of  the  model  function  error. 

THE  MEASUREMENT  MODEL 

Several  sources  introduce  uncertainty  into  scatterometer  mea¬ 
surements;  in  this  paper  we  consider  two:  the  communication 
error  and  the  modeling  error.  The  communication  error,  due 
to  the  thermal  noise  in  the  measurement  process  itself,  is  well 
understood  [3].  Other  causes  of  variability  in  the  observed 
0-7803-3068-4/96$5.00©1996  IEEE 
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Figure  1:  The  model  for  scatterometer  measurements.  The  wind 
is  mapped  through  the  model  function  to  the  model  function 
backscatter;  variability  is  introduced  through  Kpm^  the  effect 
of  unmodelled  parameters.  The  resulting  “true”  backscatter  is 
corrupted  by  communication  error  (i.e.,  thermal  noise)  in  the 
measurement  process,  which  yields  the  measured  value  of  the 
backscatter,  ;2:. 


backscatter  with  respect  to  the  surface  wind  are  lumped  into 
the  term  ‘  ‘model  function  error.’  ’ 

Fig.  1  shows  a  block  diagram  of  the  measurement  model.  The 
model  function  maps  the  surface  wind,  along  with  the  param¬ 
eters  of  the  scatterometer,  to  the  model  function  backscatter, 
(7^ .  This  value  is  perturbed  by  unmodelled  parameters  to  yield 
the  true  backscatter  coefficient  of  the  surface,  The  mea¬ 
surement  of  the  true  backscatter,  is  corrupted  by  thermal 
noise.  The  actual  measurement,  2:,  is  modeled  as 


Z  =  {l-\-  +  KpC^2)(^Mj 

where,  for  simplicity,  ui  and  P2  assumed  to  be  independent, 
zero  mean,  unit  variance,  Gaussian  random  variables.  Kp^ 
and  KpQ  are  the  normalized  variances  for  the  modeling  error 
and  the  communications  error,  respectively. 

The  expected  value  of  the  measurement,  z,  is  and  the 
variance  of  z  is: 

\dl{z)  =  {KpM  +  +  ^PM^Pc)^M^ '  (^) 


To  understand  the  effect  of  the  modeling  error,  we  examine  the 
second  moment  of  the  measurement  and  solve  for  Kpji^ : 


1 

1  -f  Kp^ 


(3) 


The  model  function  backscatter,  ,  and  the  communication 
error,  Kpc,  depend  on  several  parameters,  including  wind 
speed,  wind  direction,  and  radar  incidence  angle.  Equation  (3J 
further  requires  knowledge  of  the  variance  of  the  measurements 
for  a  given  set  of  these  parameters.  Assuming  that  Kpm  is 
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Figure  2:  The  estimate  of  Kpm  based  on  the  true  wind  provides 
a  good  reconstruction  of  the  true  value  of  KpM^  while  that 
based  on  the  retrieved  wind  (Median  Filter  De-aliasing)  is 
consistently  low. 


a  constant  (at  least  over  a  sufficiently  small  range  of  the 
parameters)  allows  us  to  average  over  measurements  with 
similar  sets  of  the  parameters  to  yield  an  estimate  of  the 
average  value  of  Kp^'. 


{Kpm)  - 


k  =  \ 


1 


(4) 


For  some  oceanic  region  and  set  of  parameters,  the  variance 
of  the  measurements  is  estimated,  yielding  a  sample  value 
for  KpM\  taking  the  average  over  many  regions  provides  an 
estimate  of  the  magnitude  of  the  model  function  error. 


SIMULATIONS  TO  ESTIMATE  Kpm 

A  simulated  wind  field,  along  with  simulated  ERS-1  mea¬ 
surements  for  several  revolutions  provides  a  test  case  for  the 
estimation  procedure.  Values  of  KpM  introduced  in  the 
simulation  to  add  uncertainty  about  the  backscatter  and  (4)  is 
used  to  see  its  ability  to  estimate  the  value  of  KpM  * 

Equation  (4)  requires  knowledge  of  cr^ ,  the  model  function 
backscatter.  If  the  true  wind  (which  is  known  in  the  simulation) 
is  used  to  evaluate  the  model  function  to  generate  this,  then 
a  very  good  estimate  of  Kpm  is  obtained.  In  actual  data, 
the  true  wind  is  not  known.  The  wind  is  retrieved  with 
maximum  likelihood  estimation  [4]  and  de-aliased  using  a 
median  filter  based  approach  [5];  an  estimate  of  the  model 
function  backscatter  is  obtained  from  the  geophysical  model 
function  using  the  retrieved  wind.  The  estimate  of  the  model 
function  error  based  on  the  retrieved  wind  is  consistently  low, 
as  shown  in  Fig.  2.  This  is  due  to  a  difference  in  statistics  of 
the  model  function  when  driven  by  true  wind  as  opposed  to 
retrieved  wind. 


Figure  3:  The  backscatter  measurement  normalized  by  the 
model  function  based  on  the  retrieved  wind,  retries; ed’ 
yields  a  much  smaller  variance  than  that  based  on  the  true 
winds  of  the  simulation,  This  causes  the  estimate  of 

the  model  function  error,  Kpm  ^  to  be  low  when  the  retrieved 
winds  are  used. 


The  statistics  of  the  model  function  backscatter  due  to  the 
true  wind  are  much  different  from  those  due  to  the  retrieved 
wind.  Fig.  3  compares  the  terms  z/ffh^true  ^l^h, retrieved- 

Normalizing  the  measurements  by  the  backscatter  that  results 
from  the  retrieved  wind,  yields  a  much  smaller  variance  than 
when  the  measurements  are  normalized  by  the  backscatter 
based  on  the  true  wind. 

Fitting  a  quadratic  equation  to  the  data  displayed  in  Fig.  2 
suggests  that  a  simple  functional  form  relates  the  estimate  of 
the  KpM  based  on  the  retrieved  wind,  to  that  resulting  from 
the  true  wind: 

KpM{irue)  =  -0.77A:|>m  +  1.50A>m  +  0.03.  (5) 

Simulating  additional  wind  fields  and  estimating  the  model 
function  error  with  (4),  and  then  using  the  correction  of  (5) 
results  in  accurate  estimation  of  the  value  of  Kpm  used  in  the 
simulation. 

ESTIMATES  BASED  ON  ERS-1  DATA 

Binning  the  ERS-1  data  according  to  various  parameters  reveals 
the  behavior  of  the  model  function  error.  In  this  section,  rough 
estimates  of  Kpm  are  found,  appropriately  adjusted  for  use 
when  the  backscatter  is  based  on  the  retrieved  wind  using 
(5).  Representative  values  of  the  model  function  error  are 
found,  and  its  sensitivity  to  incidence  angle  and  wind  speed  are 
observed. 

Fig.  4  plots  the  value  of  Kpm^  against  the  number  of 
revolutions  used  to  estimate  it  for  several  values  of  incidence 
angle.  The  estimate  of  the  model  function  error  for  near- 
swath  measurements  (low  incidence  angles)  is  greatest;  the 
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Kpm  vs  number  of  revs  at  several  incidence  angles 


Figure  4:  The  estimate  of  Kpm  varies  between  about  0.14  and 
0.22,  depending  on  the  incidence  angle. 

variability  of  the  25  to  35  degree  incidence  angle  bin  is  due, 
in  part,  to  the  relatively  few  measurements  in  each  rev  at 
this  bin — this  decreases  the  confidence  in  the  estimate  of  the 
measurement  variance,  yielding  less  consistent  estimates  of  the 
model  function  error.  The  mid-swath  measurements  (45  to  55 
degree  incidence  angles)  yields  the  lowest  value  of  Kpm  ^  at 
about  0.14,  and  the  far-swath  yields  values  about  0.17. 

The  model  function  error  is  also  quite  sensitive  to  speed.  Fig. 
5  plots  the  estimate  of  Kpm  for  the  mid-swath  measurements 
(incidence  angles  of  45  to  55  degrees)  against  wind  speed. 
Other  incidence  angle  bins  follow  similar  trends.  Moderate 
wind  speeds  yield  Kpm  near  the  average  value,  while  lower 
wind  speeds  have  lower  Kpm  and  higher  wind  speeds  have 

higher 

DISCUSSION 

Unmodelled  effects  in  the  geophysical  model  function  and  the 
wind  retrieval  process  contribute  variability  to  the  backscatter 
of  the  ocean  surface.  In  this  paper,  we  have  found  an  expression 
for  the  model  function  error  based  on  a  simple  model. 

Simulations  show  that  if  the  true  surface  wind  is  known, 
then  the  value  of  Kpm  can  be  accurately  estimated.  Using 
retrieved  wind,  instead,  the  estimated  model  function  error  is 
consistently  less  than  the  actual  value  oi  Kpm  •  The  correction 
function,  found  from  simulations  using  independent,  Gaussian 
random  variables  to  introduce  both  communication  noise  and 
model  function  error,  permits  accurate  estimates  of  Kpm  based 
on  the  retrieved  wind. 

Examining  ERS-1  data  indicates  the  general  behavior  of  the 
model  function  error.  Low  incidence  angles  have  high  model 
function  errors,  moderate  incidence  angles  have  low  Kpm, 
and  high  incidence  angles  experience  moderate  values.  K pm 


Estimating  Kpm  at  incidence  angles  45-55  degrees,  at  different  wind  speeds 


Figure  5:  The  estimate  of  Kpm  depends  on  the  wind  speed. 
This  plot  was  produced  by  binning  Kpm  values  estimated  for 
ERS-1  satellite  data  observed  at  incidence  angles  between  45 
and  55  degrees  (mid-swath),  with  different  wind  speeds. 

is  also  sensitive  to  wind  speed,  varying  about  20%  above  and 
below  its  average  value  for  moderate  incidence  angle. 

These  results  indicate  that  the  model  function  error  is  ap¬ 
preciable,  particularly  when  compared  to  the  communication 
noise  inherent  in  the  scatterometer.  These  uncertainties  limit 
the  confidence  that  can  be  placed  in  the  geophysical  model, 
and  need  to  be  further  understood  to  enhance  the  wind  retrieval 
process. 
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Abstract  —  A  wind  scatterometer  makes  measurements  of  the 
normalized  radar  backscatter  coefficient,  cr®,  of  the  surface. 
To  retrieve  the  wind,  a  Geophysical  Model  Function  (GMF), 
which  relates  to  the  near-surface  wind,  is  used.  The  wind 
vector  is  estimated  using  maximum  likelihood  techniques  from 
the  measurements.  The  probability  density  of  the  measured 
is  assumed  to  be  Gaussian  with  a  variance  that  depends 
on  the  true  cr^  and  therefore  the  wind  through  the  GMF. 
The  measurements  from  different  azimuth  angles  are  assumed 
independent  in  estimating  the  wind.  Given  this  model  for 
wind  estimation,  the  Cramer-Rao  bound  is  derived  for  wind 
estimation,  and  its  implications  for  wind  retrieval  are  discussed. 
As  part  of  this  discussion,  the  role  of  geophysical  modeling 
error  is  considered  and  shown  to  play  a  significant  role  in  the 
performance  of  near  surface  wind  estimates. 

INTRODUCTION 

Scatterometer  wind  retrieval  is  a  non-linear  estimation  process: 
the  wind  vector  is  estimated  from  the  measurements  based 
on  a  statistical  model  for  the  measurements.  To  better 
understand  the  accuracy  of  the  wind  estimate,  the  Cramer- 
Rao  (C-R)  bound  can  provide  a  useful  tool  since  it  gives  the 
minimum  achievable  variance  based  on  the  assumed  statistical 
model  for  the  measurements.  In  this  paper  we  derive  the 
C-R  bound  for  scatterometer  wind  retrieval.  Since  the  C- 
R  bound  depends  on  the  statistical  model,  the  scatterometer 
measurement  model  is  briefly  presented. 

Neglecting  possible  errors  in  the  radar  equation  parameters, 
a  scatterometer  cr®  measurement  .sr  can  be  modeled  as 

z  =  (1) 

where  cr^  is  the  true  value  of  from  the  ocean  surface  and 
i/i  is  a  zero-mean,  unit-variance,  Gaussian  random  variable 
representing  communication  noise.  Kpc  is  in  general  a  function 
of  and  the  instrument  design  [1]. 

Experiments  have  shown  that  for  a  given  polarization  and 
frequency  the  true  value  of  cr®  is  a  function  of  wind  speed, 
U,  antenna  incidence  angle,  9,  and  relative  wind  direction 

—  xj;  —  (j)^  where  ip  is  the  antenna  azimuth  angle,  and  <j)  is 
the  wind  direction.  This  relationship  is  called  the  Geophysical 
Model  Function  (GMF).  Unfortunately,  cr®  is  also  influenced  by 
other  unmodeled  parameters  such  as  sea  surface  temperature, 
local  salinity,  and  long  waves.  As  a  result  the  GMF  must 
be  interpreted  as  the  expected  value  of  cr^  for  a  given  set  of 
parameters  0,  U,  'ip,  and  (p  over  all  the  values  of  the  unmodeled 
parameters. 
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Without  any  further  information  regarding  error  in  the  GMF, 
we  model  a  particular  cr^  from  the  ocean  surface  as  M(1  -f* 
Kpm  ^2)  where  M  is  the  cr®  predicted  by  the  GMF  for  the  given 
wind  conditions  and  radar  parameters,  and  z/2  is  another  zero- 
mean,  unit- variance,  Gaussian  random  variable  which  accounts 
for  modeling  error.  Very  little  is  known  about  Kpm,  and  in 
general  it  is  a  function  oiO,U,  and  x-  Later  it  will  be  shown  to 
have  a  significant  effect  on  the  reliability  of  wind  estimates  and 
should  thus  be  investigated  further.  Reference  [2]  gives  some 
estimated  values  of  Kpm  for  the  CMOD-FDP  GMF  [3]  used  in 
ERS-1  scatterometry. 

With  this  background  a  o*®  measurement  can  be  modeled  as 

^pm  i/2)(l  +  Kpci^i)  (2) 

where  the  modeling  error  1/2  and  the  communication  error  z/i  are 
independent  random  variables.  We  make  one  other  simplifying 
assumption  and  let  Kpc  be  a  function  of  deterministic  M 
instead  of  random  cr®  .  This  latter  assumption  guarantees  that  2: 
is  normally  distributed  with 

E[z]  ^  M  (3) 

VarH  =  trf  = 

«  +  (4) 

To  estimate  the  wind,  multiple  measurements  of  from  dif¬ 
ferent  azimuth  angles  are  required.  These  measurements  are 
assumed  to  be  independent.  With  this  model,  wind  retrieval 
is  performed  using  traditional  maximum-likelihood  (ML)  esti¬ 
mation  [4]. 

THE  CRAMER-RAO  BOUND 

The  C-R  bound  gives  a  lower  bound  on  the  mean  squared  error 
(MSE)  of  any  unbiased  estimator.  Since  a  ML  estimate  is  used  in 
wind  retrieval,  the  wind  estimate  variance  approaches  this  lower 
bound  asymptotically.  The  wind  estimate  is  also  “strongly 
consistent”  meaning  that  the  estimate  converges  to  the  true 
value  with  probability  one  for  all  parameter  values.  Since  only 
a  small  number  of  measurements  are  used  in  obtaining  wind 
estimates  (N  =  S  for  25  km  wind  vector  cells  or  iV  =  12 
for  50  km  wind  vector  cells),  it  is  questionable  whether  the 
variance  of  the  wind  estimate  actually  reaches  this  lower  bound. 
Simulations  can  help  to  resolve  this  question.  Regardless,  the 
C-R  bound  is  useful  in  determining  how  accurately  wind 
can  be  estimated  from  a  space-borne  scatterometer  given  the 
communication  noise  and  modeling  error. 

Let  w  be  an  unbiased  estimate  of  w  =  [U,  <p]'^ .  The  Cramer- 
Rao  Theorem  states  that  the  error  covariance  matrix  of  an 
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unbiased  estimator  is  bounded  by  the  inverse  of  the  Fisher 
information  matrix: 


C  —  E{[w  —  w][w  —  w]^}  >  J  ^ 
where  J  is  the  Fisher  information  matrix, 


5L(z,  w) 

9w 


(9X(z,  w) 


5w 


(5) 


(6) 


In  this  expression,  L  is  the  log-likelihood  function. 

Using  the  assumed  measurement  model,  it  can  be  shown  that 


N 


dMk  1  ^  1 


^  [  dwi  dwj  dwi  dwj  \  ' 


(7) 


The  partial  derivatives  of  the  GMF  must  be  obtained  numeri¬ 
cally.  Then  (note  that  J12  =  J21) 


J11J22  —  J12J21 

RESULTS 

In  the  following,  ERS-1  geometry  and  noise  variance  with 
the  CMOD-FDP  GMF  are  used  [3],  though  the  results  are 
qualitatively  similar  for  other  model-functions  and  fan-beam 
scatterometers. 

The  C-R  bound  for  a  representative  far  swath  wind  vector 
cell  of  ERS-1  as  a  function  of  the  true  wind  speed  and  direction 
is  plotted  in  Fig.  1  where  the  modeling  error  is  zero  =  0). 
Note  that  both  the  wind  direction  error  and  wind  speed  error  are 
peaked  at  particular  directions.  While  this  behavior  has  been 
previously  attributed  to  problems  with  using  the  correct  model 
function  in  wind  retrieval,  the  C-R  bound  suggests  that  this 
behavior  is  intrinsic  to  the  wind  estimation  problem.  The  larger 
MSE  can  be  attributed  to  the  shape  of  the  model  function  and 
the  relative  azimuth  angles  of  the  observations:  in  effect,  there 
is  less  information  in  the  measurements  about  the  wind  at  these 
particular  directions.  For  comparison,  MSE  estimates  from 
a  simple  compass  simulation  [4]  with  the  ML  wind  retrieval 
algorithm  are  given  in  Fig.  2.  In  the  simulation,  the  wind  error 
is  for  the  ambiguity  closest  to  the  true  wind  direction.  The  two 
plots  are  nearly  identical,  suggesting  that  the  wind  retrieval 
algorithm  is  efficient  at  far  swath  and  zero  GMF  error. 

The  C-R  bound  resulting  from  increasing  Kpm  or  changing 
the  cross-track  location  of  the  cell  is  qualitatively  similar  to 
the  far  swath  result.  To  observe,  quantitatively,  how  the  error 
bound  changes  as  cross-track  location  and  Kpm  are  varied, 
consider  Figs.  3  and  4.  In  these  figures,  a  true  wind  direction 
corresponding  to  a  maximum  in  Fig.  1  is  used. 

First  consider  Fig.  3.  Note  that  for  high  values  of  Kpm 
the  error  bound  is  more  sensitive  to  Kpm  than  for  lower 
values.  Note,  also  the  dramatic  decrease  in  precision  of  the 
wind  estimate  for  reasonable  values  of  Kpm  suggested  by  [2]. 
For  example,  for  Kpm  ^0.2,  the  C-R  bound  suggests  that  at 


J22  —J21 

-J12  Jii 


(8) 


Far  swath  speed  error  (Kpm  =  0) 


Figure  1:  C-R  bound  for  various  wind  speeds,  and  wind 
directions  at  far  swath  for  the  ERS-1  geometry  and  noise 
variance  with  Kpm  =  0  using  the  ML  estimator  and  the 
CMOD-FDP  GMF. 


moderate  wind  speeds  of  15  m/s  the  wind  direction  error  is  at 
least  ±12^^.  This  emphasizes  the  importance  of  understanding 
the  GMF  modeling  error  in  order  to  report  reliable  error 
estimates  for  wind  from  scatterometers. 

Now  consider  Fig.  4.  No  modeling  error  is  assumed  in  this 
figure.  Note,  that  the  nearer  to  the  satellite  the  wind  vector 
cell  the  worse  the  wind  estimate  becomes,  especially  for  low 
wind  speeds.  This  is  not  a  surprising  result  since  it  is  well 
known  that  the  GMF  is  less  sensitive  to  wind  direction  at  lower 
incidence  angles.  Therefore,  even  with  low  modeling  error, 
wind  direction  estimates  from  near  swath  cells  are  less  precise 
than  those  from  far  swath  cells.  Another  interesting  result  from 
this  plot,  is  that  beyond  cross  cell  track  location  8,  the  error  on 
the  wind  estimate  is  nearly  constant. 

CONCLUSIONS 

In  this  paper,  we  have  derived  the  C-R  bound  for  wind  re¬ 
trieval  using  scatterometer  measurements.  The  results  show 
that  certain  wind  directions  have  less  sensitivity  to  error  than 
others  depending  on  the  particular  azimuth  angles  of  the  mea¬ 
surements.  In  addition,  the  C-R  bound  demonstrates  that  the 
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Far  swath  speed  error  vs.  Kpm 


wind  estimator  performance  is  sensitive  to  the  modeling  error 
and  to  cross  track  location  of  the  wind  vector  cell.  Thus,  the 
bound  can  be  useful  in  understanding  the  performance  of  the 
wind  retrieval  algorithm. 
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Figure  2:  Compass  simulation  MSE  estimates  for  various  wind 
speeds  and  wind  directions  at  far  swath  for  the  ERS~1  geometry 
and  noise  variance  with  Kpm  =  0  using  the  ML  estimator  and 
the  CMOD-FDP  GMF. 
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Figure  3:  Lower  bound  on  speed  and  direction  error  standard 
deviation  versus  Kpm  far  far  swath  location. 
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Figure  4:  Lower  bound  on  speed  and  direction  error  standard 
deviation  versus  cross-track  cell  location  for  Kpm  =  0 
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Abstract  -  Atmospheric  emission  contributes  to  radiome¬ 
ter  measurements  meant  to  study  the  ocean  surface.  The 
relative  importance  of  this  contribution  depends  on  the 
amount  of  water  (vapor  and  liquid)  in  the  air  column, 
and  on  the  frequency  and  polarization  used.  For  vertical 
and  horizontal  polarization,  the  atmosphere  contributes  a 
significant  bias  to  observed  brightness  temperatures.  The 
U  stokes  parameter,  however,  is  relatively  insensitive  to 
the  atmosphere,  and  is  therefore  a  more  reliable  measure 
of  surface  conditions. 

I.  INTRODUCTION 

Ocean  winds  are  important  to  weather  prediction  and 
global  climate  studies.  They  drive  ocean  currents  which 
can  transport  thermal  energy  over  large  distances,  and 
they  provide  clues  about  the  nature  of  the  atmospheric 
circulation  patterns  which  affect  weather  all  over  the 
planet.  A  satellite  borne  radiometer  can  be  used  to  mea¬ 
sure  the  surface  winds  over  the  oceans  because  the  winds 
affect  the  emissivity  of  the  surface.  Small  scale  rough¬ 
ness  generated  by  surface  winds  modifies  the  emissivity 
by  scattering  the  emitted  radiation  over  a  range  of  direc¬ 
tions.  Since  the  small  scale  roughness  is  aligned  with  the 
local  wind,  it  is  possible  to  infer  the  wind  speed  and  direc¬ 
tion  by  measuring  emission  from  several  different  azimuth 
directions. 

The  radiation  emitted  by  the  ocean  surface  is  also  af¬ 
fected  by  absorption  and  radiation  in  the  atmosphere  be¬ 
fore  it  reaches  the  satellite  radiometer.  In  the  microwave 
frequency  range,  the  most  important  factors  are  water 
vapor  and  liquid  water  in  clouds.  Thus,  the  atmosphere 
represents  a  source  of  bias  and  noise  in  the  surface  emis¬ 
sion  signal.  In  this  paper,  we  will  examine  the  impact 
of  the  atmosphere  on  multi-frequency  aircraft  radiometer 
data  obtained  by  the  JPL  WindRad  experiment.  In  par¬ 
ticular,  we  will  look  at  how  atmospheric  absorption  affects 
the  azimuthally  varying  signal  from  the  ocean  surface,  and 
how  it  affects  the  overall  radiometric  brightness  level. 

II.  MULTILAYERED  ATMOSPHERE  MODEL 

The  atmosphere  is  modelled  as  100  meter  thick  layers  with 
different  temperatures,  humidities,  and  pressures.  The 
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attenuation  rate  of  each  atmospheric  layer  is  derived  using 
a  millimeter  wave  propagation  model  (MPM)  described 
by  H.  Liebe  [1].  In  this  paper,  we  will  concentrate  on 
rain-free  cases,  therefore  scattering  is  not  included. 

The  brightness  temperature  observed  by  a  radiometer 
looking  down  at  the  ocean  surface  through  an  absorbing 
and  radiating  air  column  is  given  by  the  following  radia¬ 
tive  transfer  equation  [2], 

+ndif,  (1  -  /?(/,  0))raif,  e,  <i>)  I3if,  e) 
+Tskyl3{f,9)^r^{f,e,<P) 

(1) 

where  Ta{fyO^<f))  is  the  brightness  temperature  at  polar¬ 
ization  a  as  a  function  of  frequency  /,  incidence  angle 
and  radiometer  azimuth  angle  (p.  ^  is  the  net  trans¬ 
missivity  of  the  atmosphere  along  the  look  direction.  It  is 
determined  by  multiplying  together  the  transmissivities  of 
each  atmospheric  layer.  Tau  and  Tad  are  the  upward  and 
downward  effective  air  temperatures  respectively.  They 
are  determined  by  summing  the  upward  and  downward 
emission  from  each  atmospheric  layer  (appropriately  at¬ 
tenuated),  and  dividing  by  the  overall  absorption.  Tgky  is 
the  isotropic  background  brightness  temperature  of  cold 
space,  and  r  is  the  surface  reflectivity  function.  The  layers 
of  air  are  assumed  to  be  azimuthally  isotropic,  therefore 
/?,  Tauy  and  Tad  are  independent  of 

III.  SURFACE  EMISSION  MODEL 

The  surface  emission  model  is  contained  in  the  surface  re¬ 
flectivity  function  r.  We  assume  that  the  wind-roughened 
surface  has  an  effective  emissivity  that  determines  both  its 
reflection  and  emission  characteristics.  The  surface  emis¬ 
sivity  is  computed  from  a  two-scale  rough  surface  model 
[3]  which  determines  all  four  stokes  parameters  Th, 
[/,  and  V)  [4]  as  functions  of  wind  speed,  frequency,  inci¬ 
dence  angle,  and  the  relative  azimuth  angle  between  the 
wind  and  the  radiometer  look  direction.  The  two-scale 
model  is  tuned  to  fit  SSM/I  data  [2],  and  WindRad  data 
collected  in  1994  [5]. 

IV.  DATA 

In  this  paper,  we  present  WindRad  data  collected  in 
1995,  and  show  how  the  model  described  above  compares 
with  the  data.  The  atmospheric  profiles  needed  by  the 
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Figure  1.  WindRad  data  and  model  results  for  19  GHz  at 
an  incidence  angle  of  55°  on  March  30,  1995.  The  buoy 
groundtruth  is:  wind  speed  =  10.0  m/s,  wind  direction  = 
175  deg.  (from),  sea  surface  temperature  =  10. 6°^.  Sky  con¬ 
ditions:  clear.  Aircraft  altitude:  7010  meters. 

radiative  transfer  model  are  obtined  from  Daily  Global 
Analyses  supplied  by  the  National  Meterological  Center 
(NMC).  This  data  is  available  by  anonymous  ftp  from 
ftp.cdc.noaa.gov.  We  extracted  the  temperature,  pres¬ 
sure,  and  relative  humidity  profiles  for  the  dates  and  lo¬ 
cations  of  the  WindRad  flights  in  1995.  The  profile  data 
is  interpolated  onto  the  100  meter  height  spacing  using 
cubic  splines.  The  wind  speed,  wind  direction,  and  sea 
surface  temperature  were  obtained  from  National  Data 
Buoy  Center  (NDBC)  buoys  moored  off  the  coast  of  north¬ 
ern  California  and  Oregon.  Brightness  temperatures  were 
measured  at  vertical  polarization,  horizontal  polarization, 
+45°  linear  polarization,  and  -45°  linear  polarization. 
The  stokes  parameter  Q  is  Tv  —  Th,  and  the  stokes  pa¬ 
rameter  U  is  T+45  -  T_45-  The  stokes  parameter  V  can 
be  measured  using  circular  polarization,  but  it  was  not 
always  obtained  and  is  not  shown  in  the  figures. 

V.  ANALYSIS 

Figs.  1  and  2  show  WindRad  data  and  model  predictions 
for  March  30,  1995  at  43.1°  N,  128.2°  W.  NDBC  buoy 
46002  supplied  the  surface  conditions.  The  NMC  profiles 
for  this  time  and  location  indicate  a  fairly  dry  atmosphere 
with  a  relative  humidity  around  50%  near  the  surface,  and 
dropping  at  middle  altitudes.  Observers  on  the  aircraft 
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Figure  2.  WindRad  data  and  model  results  for  37  GHz.  Other 
parameters  match  those  used  in  the  proceeding  figure. 

reported  clear  sky  conditions.  Fig.  2  shows  very  good 
agreement  between  the  model  (solid  lines)  and  WindRad 
data  (open  circles)  at  37  GHz.  At  19  GHz,  there  is  more 
bias  in  the  model  predictions  for  Tv  (6  K),  (13  K),  and 

Q  (8  K)  because  the  close  proximity  to  the  water  vapor 
absorption  line  at  22  GHz  leads  to  greater  sensitivity  to 
errors  in  the  NMC  water  vapor  profile.  The  prediction 
for  \J ^  however,  remains  very  close  to  the  data,  and  the 
azimuthal  modulation  of  all  the  model  curves  follow  the 
corresponding  modulation  in  the  data.  For  comparison, 
model  results  without  any  atmosphere  (dashed  lines)  are 
also  shown.  The  biases  are  more  than  twice  as  large  (ex¬ 
cept  for  [/)  indicating  the  importance  of  the  atmosphere 
in  determining  observed  brightness  temperatures. 

Figs.  3  and  4  show  WindRad  data  on  the  same  day,  but 
at  a  slightly  different  time  and  location  (42.5°  N,  130.3° 
W).  Again,  NDBC  buoy  46002  supplied  the  surface  con¬ 
ditions.  Observers  on  the  aircraft  reported  cloudy  con¬ 
ditions,  indicating  that  more  water  was  actually  present 
than  indicated  by  the  NMC  profile.  Consequently,  the  bi¬ 
ases  in  the  model  predictions  for  ,  and  Q  are  larger 

than  in  the  clear  case  (20  K  for  Tv  and  Q,  and  40  K  for 
Th).  Furthermore,  the  azimuthal  modulation  is  somewhat 
obscured  by  heterogeneous  cloud  structure.  The  signal  in 
t/,  however,  is  still  in  good  agreement  with  the  theoretical 
prediction. 

These  results  can  be  understood  by  looking  at  the  rel¬ 
ative  importance  of  the  four  terms  in  (1).  Using  the  clear 
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Figure  3.  WindRad  data  and  model  results  for  19  GHz  at 
an  incidence  angle  of  55°  on  March  30,  1995.  The  buoy 
groundtruth  is:  wind  speed  =  9.6  m/s,  wind  direction  = 
175  deg.  (from),  sea  surface  temperature  =  lO.S^C.  Sky  con¬ 
ditions:  cloudy.  Aircraft  altitude:  7010  meters. 

sky  case  at  37  GHz,  we  have  the  following  relative  con¬ 
tributions.  The  largest  contribution  (85%)  comes  from 
surface  emission  which  is  modulated  by  wind.  The  sec¬ 
ond  largest  contribution  comes  from  upward  atmospheric 
emission  (11.3%),  and  the  third  largest  comes  from  re¬ 
flected  downward  atmospheric  emission  (3.4%).  Reflected 
sky  brightness  supplies  a  very  small  offset.  %  and  Th  in¬ 
corporate  all  four  terms,  and  are  subject  to  biases  in  Tau 
and  Tad  caused  by  errors  in  the  atmospheric  profiles.  Q 
is  less  sensitive  to  the  atmosphere  because  the  upward  at¬ 
mospheric  emission  term  subtracts  out.  There  can  still 
be  some  atmosphere  induced  bias  in  Q,  however,  because 
the  surface  reflectivity  is  very  different  for  V-pol  vs  H-pol. 
Thus,  the  level  of  Q  is  partly  determined  by  the  polar¬ 
ization  contrast  in  reflected  downward  atmospheric  emis¬ 
sion.  U  is  insensitive  to  the  atmosphere  for  two  reasons. 
First,  the  upward  atmospheric  emission  term  cancels  out 
(as  with  Q),  and  second,  the  reflected  downward  atmo¬ 
spheric  emission  term  almost  cancels  out  because  there 
is  little  difference  in  the  surface  reflectivity  at  +45°  and 
—45°  linear  polarization. 

VI,  CONCLUSIONS 

The  atmosphere  can  cause  significant  biases  in  Th^ 
and  Q.  These  biases  can  be  removed  accurately  for  dry 


Figure  4.  WindRad  data  and  model  results  for  37  GHz.  Other 
parameters  match  +ose  used  in  the  preceeding  figure. 

atmospheric  conditions  when  the  frequency  isn’t  close  to 
a  water  vapor  line.  When  more  water  vapor  or  clouds  are 
present,  an  accurate  profile  of  the  atmosphere  is  needed 
before  the  bias  can  be  removed.  The  wind  induced  az¬ 
imuthal  modulation  of  brightness  temperatures  is  unaf¬ 
fected  as  long  as  the  atmosphere  is  reasonably  homoge¬ 
neous.  The  signal  in  f/,  however,  is  relatively  insensitive 
to  the  atmosphere,  and  gives  a  reliable  indication  of  sur¬ 
face  emission  even  when  clouds  are  present. 
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Abstract — Wavenumber- frequency  spectra  of  microwave 
backscatter  from  the  sea  surface  occasionally  show  har¬ 
monics  of  the  expected  linear  gravity  wave  dispersion 
in  both  backscattered  power  (AM)  and  Doppler  velocity 
(FM)  modulations.  Harmonics  are  confined  to  the  peak 
wave  direction,  and  the  ratio  of  fundamental  to  second  har¬ 
monic  energy  in  the  velocity  modulation  indicates  increas¬ 
ing  nonlinearity  with  wavenumber,  peaking  at  a  wavenum¬ 
ber  consistent  with  observed  wave  group  modulations.  Un¬ 
der  higher  sea  state  conditions  where  whitecapping  was 
evident,  spectra  show  weak  reverse  travelling  waves  -  op¬ 
posite  to  the  dominant  wave  direction.  Space-time  filtering 
of  the  image  data  suggests  breaking  events  are  a  source  for 
these  waves. 


I  Introduction 

Fourier  analysis  of  ocean  wave  radar  image  sequences 
provides  a  complete  representation  of  the  ensemble  aver¬ 
age  wavenumber-frequency  characteristics  of  ocean  sur¬ 
face  backscatter.  Because  vertically  polarized  microwave 
backscatter  is  dominated  by  a  distributed  (Bragg)  scat¬ 
tering  mechanism  over  moderate  to  large  incidence  an¬ 
gles,  modulations  of  the  backscatter  can  be  useful  for  ob¬ 
serving  the  dispersion  properties  of  ocean  waves. 

In  this  paper  we  show  two  examples  of  dispersion  char¬ 
acteristics  observed  with  the  FOPAIR  imaging  radar  sys¬ 
tem  [1].  In  the  first  case,  harmonics  of  the  linear  grav¬ 
ity  wave  dispersion  curve  are  evident  in  directional  slices 
through  3-D  spectra  of  backscattered  power  and  Doppler 
velocity.  Though  expected  in  the  power  spectrum,  the 
presence  of  harmonics  in  the  velocity  data  may  indicate 
the  level  of  nonlinearity  in  the  ocean  surface  waves.  In  the 
second  case,  obtained  under  whitecapping  conditions,  we 
observe  low  energy  wave  components  travelling  directly 
opposed  to  the  dominant  wind  waves.  It  is  suggested 
that  breaking  events  are  the  source  for  these  waves. 

II  Dispersion  Harmonics 

Fig.  1  shows  a  snapshot  of  X-band  radar  imagery  ob¬ 
tained  on  March  24,  1994  from  the  end  of  the  USAGE 
research  pier  at  Duck,  NC.  The  range  direction  in  the 
images  corresponds  to  8°  true  North,  or  62°  north  of  the 
pier  axis.  While  winds  were  7.4  m/s  from  199°,  the  images 
show  wind  waves  propagating  towards  the  upper  left  of 
the  image  (316°  true  North).  The  misalignment  of  wind 

This  work  was  supported  by  the  Office  of  Naval  Research  (Remote 
Sensing)  under  grant  NOOO 14-93- 1-0261 
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Fig.  1.  Radar  image  snapshot  of  the  ocean  surface  obtained  on 
March  24,  1994.  The  left  image  is  proportional  to  tr®  while  the 
right  image  shows  mean  Doppler  velocity  over  0.25  s  averaging 
time. 


and  waves  is  due  primarily  to  the  progressive  shoaling  of 
the  developing  wind  waves  as  they  travel  up  the  coast. 
Water  depth  at  the  radar  site  was  approximately  6.6  m. 

Three  dimensional  wavenumber-frequency  spectra  were 
calculated  from  an  8  minute  image  sequence,  processed 
in  overlapping  32-second  blocks,  and  a  slice  through  the 
three  dimensional  volume  along  the  peak  wind  wave  di¬ 
rection  is  shown  in  Fig.  2.  The  three  panels  in  this  fig¬ 
ure  show  the  variance  spectra  of  the  backscattered  power 
(AM  signal),  the  mean  Doppler  velocity  (FM  signal),  and 
their  coherence  defined  as  the  norm  of  the  cross-spectrum 
divided  by  the  product  of  the  auto-spectra.  We  use  the 
coherence  as  a  filter  to  identify  backscattered  power  fluc¬ 
tuations  that  can  be  attributed  to  detectable  surface  mo¬ 
tions.  Rejecting  energy  that  is  incoherent  between  power 
and  velocity  removes  much  of  the  variance  due  to  speckle 
as  well  as  spatial  power  modulations  induced  by  the  an¬ 
tenna  pattern  and  range  rolloflP,  and  low  frequency  varia¬ 
tions  in  the  surface  roughness.  A  coherence  threshold  of 
0.3  is  used. 

These  spectra  show  most  of  the  signal  variance  follow¬ 
ing  the  dispersion  curve  for  linear  gravity  waves.  In  the 
power  modulation  spectrum,  three  harmonics  of  the  fun¬ 
damental  are  discernable  while  only  one  is  evident  in  the 
velocity  modulation  spectrum.  The  coherence  spectrum, 
however,  indicates  the  presence  of  the  second  and  third 
harmonics,  with  the  second  harmonic  persistent  out  to 
the  limiting  wavenumber  of  the  instrument  where  auto 
spectral  densities  are  low.  Energy  in  the  harmonics  ap¬ 
proaches  a  limiting  phase  velocity  of  approximately  5 
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Fig.  2.  Slices  through  the  power  (left),  velocity  (center),  and  coher¬ 
ence  (right)  spectra  along  the  dominant  wind- wave  direction. 
The  grayscale  represents  a  40  dB  range  for  auto-spectra  and 
a  linear  [0,1]  scale  for  coherence.  Steep  solid  lines  mark  phase 
velocities  between  4.5  and  5.5  ms~^.  The  dashed  line  is  a  fit  to 
nondispersive  energy  with  slope  1.5  ms^^. 

ms“^  as  indicated  by  the  steep  lines  in  the  dispersion 
diagrams.  The  stronger  relative  appearance  of  harmonic 
energy  in  the  power  modulation  spectrum  is  expected  be¬ 
cause  of  the  nonlinear  relation  between  radar  backscatter 
and  local  incidence  angle  (wave  slope)  at  near-grazing 
angles.  In  this  case  about  5%  of  the  total  power  modula¬ 
tion  is  contained  in  harmonics  compared  to  0.3%  for  the 
Doppler  velocity  modulations. 

Spectral  energy  falling  below  the  dispersion  curve  in 
Fig.  2  has  been  attributed  to  modulations  in  backscatter 
induced  by  the  group  modulation  of  the  waves  [2].  Such 
modulations  would  include  effects  such  as  non-Bragg  scat¬ 
tering  from  breaking  waves  and  from  features  bound  to 
wave  crests  including  Bragg-type  scatterering  from  bound 
capillary  waves.  This  energy  is  therefore  usually  associ¬ 
ated  with  the  portion  of  the  wave  spectrum  most  actively 
breaking.  A  linear  fit  to  this  energy  indicates  a  group  ve¬ 
locity  of  1.5  ms”^  corresponding  to  a  wave  group  centered 
at  K=.17  m“^. 

In  upper  panel  of  Fig.  3  we  have  plotted  the  energy  in 
each  of  the  harmonics  as  a  function  of  wavenumber  by 
bandpass  filtering  along  the  individual  dispersion  curves 
with  a  0.2  Hz  wide  filter  and  integrating  over  frequency. 
To  compare  properties  between  harmonics  it  is  appropri¬ 
ate  to  consider  wave  components  that  travel  at  the  same 
phase  speed.  Assuming  a  rigid,  propagating  wave  profile, 
energy  at  a  given  wavenumber  in  second  harmonic  travels 
with  the  phase  speed  of  the  fundamental  wave  of  half  the 
wavenumber.  Proper  comparison  is  therefore  achieved  by 
normalizing  the  wavenumber  axis  for  each  harmonic  by 
its  harmonic  index  as  shown  in  the  lower  panel  of  Fig.  3. 

The  relative  levels  of  harmonic  energy  in  the  Doppler 
velocity  spectrum  show  increasing  nonlinearity  with 
wavenumber.  The  dash-dot  line  in  the  lower  right  panel 
of  Fig.  3  is  the  ratio  of  energy  in  the  first  and  second  har¬ 
monics  which  peaks  at  -20  dB  between  K=.16-.20  m**"^ 
(beyond  .20  m“^,  second  harmonic  energy  exceeds  the 
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Fig,  3.  Upper  panel:  Profiles  of  the  variance  spectral  density  of 
power  (left)  and  Doppler  velocity  (right)  along  dispersion  curves 
for  the  fundamental  (solid),  second  (dashed),  and  third  (dotted) 
harmonics.  Lower  panel:  Same  as  above  with  wavenumbers 
referenced  to  the  fundamental.  The  dash-dot  lines  indicates  the 
ratio  of  second  second  harmonic  energy  to  the  fundamental. 

Nyquist  wavenumber  of  the  radar).  The  relative  har¬ 
monic  energy  is  well  above  that  attributable  to  radar 
receiver  distortion,^  and  its  location  in  the  wavenumber 
spectrum  is  in  general  correspondence  with  the  nondis¬ 
persive  energy.  Assuming  that  Doppler  velocity  is  a  linear 
detector  of  wave  orbital  velocity  components,  the  ratio  of 
peak  powers  in  the  first  two  harmonics  is  consistent  with 
a  long  wave  slope,  AK,  of  0.1,  or  a  fundamental  wave  am¬ 
plitude,  A,  of  8  cm  for  a  5  m  wave.  These  values  appear 
plausible  given  the  measured  significant  wave  height  of  36 
cm. 

Ill  Reverse  Travelling  Waves 

Figure  4  shows  an  iso- frequency  slice  at  0.4  Hz  of 
a  wavenumber-frequency  Doppler  velocity  spectrum  ob¬ 
tained  under  whitecapping  conditions  (upwind,  upwave 
radar  look,  windspeed  of  8.2  ms“^).  The  majority  of 
spectral  energy  is  confined  to  the  linear  gravity  disper¬ 
sion  shell  which  is  distorted  in  this  case  due  to  a  south¬ 
bound  surface  current  (towards  the  radar).  The  dominant 
wave  energy  in  advancing  wavenumbers  is  shown  in  the 
lower  half  of  the  diagram.  Of  particular  interest  is  the 

^Receiver  harmonic  distortion  is  dominated  by  the  3rd  harmonic 
measured  at  -32  dBc  from  a  CW  test  signal  at  maximum  power 
(worst  case).  Such  distortion  can  induce  2nd  harmonics  in  AM  and 
FM  modulations  at  about  the  same  level.  Third  harmonic  distortion 
at  the  power  level  corresponding  to  the  ocean  radar  data  is  below 
-40  dBc,  however. 
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Fig.  4.  Left:  Iso-frequency  (F=0.4  Hz)  slice  through  the  3-D  veloc¬ 
ity  spectrum  showing  dominant  advancing  waves  {Ky  <  0)  and 
weaker  receding  waves.  Right:  The  range- wavenumber  spec¬ 
trum  (a  slice  along  Kx  =  0)  integrated  over  frequency  shows 
the  relative  energy  in  advancing  and  receding  waves. 

energy  propagating  opposite  to  the  dominant  wave  di¬ 
rection  which,  though  much  lower  in  intensity,  is  clearly 
discernable. 

Logical  sources  for  such  waves  are  localized  distur¬ 
bances  caused  by  breaking  waves.  Wavetank  measure¬ 
ments  have  demonstrated  that  such  reverse  travelling 
waves  do  follow  breaking  events  [3]  suggesting  that  en¬ 
ergy  contained  in  such  waves  could  provide  a  quantita¬ 
tive  measure  of  the  amount  of  breaking.  Although  energy 
levels  are  low,  such  measurement  of  a  distributed  feature 
may  be  inherently  easier  to  perform  than  the  tracking 
and  counting  of  individual  transient  events. 

To  test  this  hypothesis,  we  applied  spatio-temporal  fil¬ 
tering  to  Doppler  velocity  image  data.  The  upper  panel 
of  Fig.  5  shows  a  space-time  diagram  of  range-only  trav¬ 
elling  waves.  Advancing  wave  structure  is  clearly  evident 
through  the  negative-sloped  {Ar/At  <  0)  features.  High 
velocity  excursions  appear  periodically  with  the  passing 
of  wave  group  peaks.  The  largest  of  these  excursions  are 
likely  to  be  associated  with  wave  breaking. 

The  lower  panel  of  the  figure  shows  the  same  data  seg¬ 
ment  filtered  for  receding  waves  with  frequency  of  0.5 ±0.1 
Hz.  This  frequency  band  was  chosen  because  it  corre¬ 
sponds  to  short  gravity  waves  near  the  spatial  sampling 
resolution  limit  of  the  radar.  Short  waves  are  desirable 
as  they  dissipate  more  rapidly,  increasing  the  likelihood 
that  they  may  be  easily  associated  with  their  source.  The 
diagram  shows  significant  variations  in  the  phase  veloc¬ 
ity  of  the  receding  waves  which  are  due  to  the  space-  and 
time-varying  current  (due  to  the  orbital  velocity  of  the 
wave  field)  through  which  these  short  waves  propagate. 

The  linear  phase  FIR  filter  used  has  a  group  delay  of  4 
seconds,  so  the  signature  of  interest  is  enhanced  modula¬ 
tion  of  the  filtered  wave  envelope  peaking  about  4  seconds 
following,  and  at  ranges  larger  than,  a  given  high-velocity 
event  in  the  unfiltered  data.  In  the  two  minute  segment 
shown,  one  such  signature  is  evident  between  35  and  40 


(i) 

Fig.  5.  Top:  Space-time  diagram  of  Doppler  velocity  of  range  trav¬ 
elling  waves.  Bottom:  The  same  data  set  filtered  for  receding 
waves  with  frequency  of  0.5  ±  .1  Hz  only. 

seconds  at  200  m  range  in  the  filtered  data.  It  may  be 
associated  with  the  the  high  velocity  event  at  32  seconds. 
Similar  signatures  occur  beyond  220  m  range  around  12 
seconds.  High  velocity  events  near  the  80  second  mark 
generate  little  if  any  modulations  in  the  filtered  data, 
indicating  that  these  events  may  represent  peaks  in  the 
wave  group  envelope  without  breaking.  Elsewhere  in  the 
diagram,  the  amplitude  of  the  0.5  Hz  waves  is  generally 
lower.  A  receding  wave  group  is  evident  starting  at  90 
seconds  at  the  nearest  range.  This  short  data  segment 
is  representative  of  the  remainder  of  the  record,  and  ap¬ 
pears  to  support  the  hypothesis  of  breaking  events  as  a 
source  for  reverse  travelling  waves.  Further  investigation 
is  warranted. 
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ABSTRACT 

Space-time  radar  images  of  the  ocean  surface  were  collected 
from  an  airship  off  the  Oregon  coast  in  the  fall  of  1995, 
using  a  coherent,  short  pulse,  HH-polarized  X-band  system. 
The  radar  successfully  mapped  wind  waves,  long  swell  waves 
and  internal  wave  features.  The  radar  images  are  converted  to 
two-dimensional  spectra  of  microwave  backscatter  and  the 
surface  velocity  field.  These  spectra  are  used  to  examine 
space-time  properties  of  surface  waves.  Examples  of  the 
radar  maps  and  their  corresponding  spectra  are  presented.  It 
is  demonstrated  that  the  linear  dispersion  relation  gives  the 
relationship  between  the  time  and  spatial  dependence  of  the 
long  gravity  waves.  Also,  evident  in  the  spectra  are  features 
that  don’t  obey  the  linear  wave  theory. 

INTRODUCTION 

Measurements  of  ocean  microwave  backscatter  were 
performed  from  an  airship  off  the  Oregon  coast  in  September 
and  October  of  1995.  The  radar  used  in  the  experiment  was  a 
coherent,  short  pulse,  X-band  system  with  a  range  resolution 
of  7.5  m.  It  was  equipped  with  a  fan-beam  antenna  with 
beamwidths  of  2°  in  azimuth  and  23^^  in  elevation.  The 
backscattering  measurements  were  horizontally  polarized  and 
obtained  at  incidence  angles  ranging  from  nadir  to 
approximately  65°.  Although  the  system  was  designed  as  a 
rotating  beam  radar,  the  examples  presented  here  are  with  the 
antenna  fixed  at  a  constant  azimuth  angle.  In  this  mode 
space-time  images  of  the  surface  were  produced.  The 
majority  of  measurements  were  conducted  at  an  altitude  of 
150  m,  although  measurements  at  altitudes  as  low  as  50  m 
and  as  high  as  300  m  were  also  performed.  The  swath  width 
was  on  the  order  of  400  to  500  m,  and  data  records  were 
typically  10  to  20  minutes  long.  The  missions  included 
flights  over  specific  sites  near  the  research  vessel  FLIP, 
which  was  in  the  area  conducting  surface  and  atmospheric 
measurements.  Images  of  received  power,  Doppler  offsets 
gave  the  cross-section  and  line-of-sight  component  of  the 
ocean  surface  velocity  field  at  each  image  pixel.  These 
images  were  processed  to  obtain  the  two-dimensional  spectra 
of  the  backscattered  signal  and  surface  velocity  field  as 
functions  of  wavenumber  and  frequency. 

EXPERIMENTAL  OBSERVATIONS 

Figure  1  shows  a  set  of  radar  images.  The  vertical  axis  is 
the  slant  range  to  surface,  and  the  horizontal  axis  is  time.  The 
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top  panel,  Fig.  la,  is  the  backscattered  power  image  corrected 
for  the  antenna  pattern  and  range  variations  across  the  image. 
The  image  was  obtained  line  by  line  from  left  to  right,  and 
the  time  difference  between  two  lines  is  1  second.  The  wind 
was  steady  at  about  11  to  12  m/s  from  180°  T,  and  the 
antenna  was  facing  the  wind  at  a  center  incidence  angle  of 
45°,  The  airship  was  pointed  into  the  wind,  hovering  above 
the  sea  surface  at  less  than  1  m/s  ground  speed.  The  first 
return  from  the  surface  occurs  at  330  meters  (airship 
altitude).  The  surface  return  is  from  330  m  to  600  m  in 
range,  with  the  corresponding  surface  coverage  of  about 
500m.  The  surface  footprint  for  each  image  pixel  at  the  beam 
center  is  roughly  11m  (range)  by  14m  (across  beam). 

Waves  of  various  scale  are  evident  in  the  image.  The 
inclination  of  each  wave  crest  corresponds  to  phase  velocity. 
Crests  with  positive  slope  are  waves  moving  toward  the 
antenna.  Fig.  la  is  a  particularly  interesting  image  since  it 
shows  the  effect  of  rain  on  the  microwave  backscatter. 
Normally,  any  return  before  nadir  is  dominated  by  the 
receiver  noise.  Here,  however,  the  rain  signature  at  close 
ranges  is  clearly  visible  in  the  image,  particularly  where  the 
rain  had  intensified.  Notice  the  corresponding  increase  in  the 
surface  backscatter;  the  latter  half  of  the  image  is  brighter 
than  the  first  half  of  the  image.  This  enhanced  scattering 
from  the  surface  is  presumably  due  to  an  increase  in  surface 
roughness  caused  by  rain-induced  ripples. 

Fig.  l.b  shows  the  corresponding  line-of-sight  velocity 
image.  Although  the  airship  was  relatively  steady,  small 
variations  in  airship  speed  appear  as  vertical  streaks  in  the 
image  and  were  removed  by  de-trending  each  vertical  line  in 
the  image.  This  procedure  is  effective  in  bringing  out  the 
surface  wave  patterns  in  the  velocity  image.  Unfortunately,  It 
also  removes  the  rain  drop  velocity  signature,  which  is  why  it 
is  not  visible  in  the  image  at  close  ranges. 

WAVENUMBER-FREQUENCY  SPECTRA 

Wavenumber-frequency  spectra  were  computed  by 
interpolating  both  power  and  velocity  images  of  Fig.  1  to 
evenly  spaced  points  on  the  surface.  The  images  were 
divided  into  64x64  segments  with  50%  overlapping  and 
padded  with  zeros  to  produce  29  128x128  segments.  Each 
segment  was  multiplied  by  a  two-dimensional  Hanning 
window,  and  the  mean  of  each  section  was  removed.  Finally, 
two-dimensional  Fourier  transforms  were  applied  and  the 
resulting  29  spectra  were  averaged. 
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Figure  1.  (a)  Space-time  image  of  backscattered  power,  corrected  for  the  antenna  and  range  variations.  The  signal  at 
close  ranges  is  due  to  rain.  Note  enhanced  surface  backscattering  where  the  rain  has  intensified,(b)  corresponding  line- 
of-sight  velocity  image. 


Normalized  Line-of-Sight  Velocity  PSD  —  9/26/95,  18:26  UTC 


Normalized  Backscattered  Signal  PSD  —  9/26/95,  18:26  UTC 


Figure  2.  Wavenumber- frequency  spectra  obtained  by  Fourier  Transformation  of  the  images  in  Figure  1.  (a)  velocity 
spectrum,  (b)  bacscattered  power  spectrum.  The  horizontal  axis  is  wavenumber  in  the  antenna  look  direction.  The 
dotted  line  is  the  linear  dispersion  curve  for  waves  traveling  at  angle  0  to  the  radar  beam. 
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Figure  2  shows  contour  plots  of  the  resulting  spectra.  Due 
to  the  nature  of  the  FFT  transform,  there  is  a  two-quadrant 
symmetry  in  the  spectrum,  and  the  lower  part  of  the  spectra  is 
redundant.  However,  full  display  of  the  spectra  helps 
identify  features  that  are  near  the  zero  frequency  axis.  For 
positive  frequencies,  positive  wavenumbers  correspond  to 
waves  traveling  toward  the  antenna,  and  negative 
wavenumbers  correspond  to  waves  moving  away.  The 
dispersion  relation  for  various  propagation  directions  are  also 
plotted  as  dotted  lines.  For  waves  traveling  at  angle  0  to  the 
radar  beam,  the  dispersion  curve  is  2k  f  =  ^gk^/cos{Q) , 

where  ka  is  wavenumber  in  the  antenna  look  direction,  /  is 
frequency,  and  g  =  9.8  m/s^.  Wave  direction  relative  to  the 
antenna  axis  is  determined  by  adjusting  0  so  the  dispersion 
curve  crosses  the  particular  peak  in  the  spectrum.  The  180° 
inherent  ambiguity  in  swell  direction  is  resolved  by  assuming 
that  these  long  waves  are  always  propagating  toward  the 
shoreline. 

Figure  2,a  shows  the  velocity  spectrum.  Four  dominant 
features  identified  as  peaks  in  the  spectrum  are  evident.  The 
relative  amplitude  of  each  peak  and  its  corresponding 
location  is  shown  in  the  upper  left  corner.  The  dominant 
peak  in  the  velocity  spectrum  is  at  frequency  0.16  Hz  and 
wavenumber  0.1 1  rad/m  (6  second  period,  57  m  long),  which 
corresponds  to  waves  propagating  in  the  direction  of  the  wind 
and  nearly  straight  down  the  beam  (wind  is  from  180°T  and 
the  antenna  is  facing  the  wind).  Therefore,  the  wave  energy 
is  accordingly  concentrated  around  the  dispersion  curve 
0=0°. 

The  dominant  swell  is  at  0.98  Hz  and  0.02  rad/m,  and  its 
peak  falls  on  the  0  =  60°  dispersion  curve,  indicating  a  swell 
propagating  toward  the  antenna  from  240°T.  A  weaker 
system  also  exists  (0.12Hz,-0.02  rad/m)  that  is  moving  away 
from  the  antenna  at  an  angle  of  70°  to  the  beam,  which 
translates  to  a  swell  direction  of  about  290°T.  A  vector  plot, 
summarizing  the  various  azimuth  angles  is  shown  in  Fig.  3. 

The  bow- shaped  pattern  in  both  the  velocity  and 
backscattered  spectra  near  the  zero  frequency  axis  (well 
below  the  dispersion  curve)  doesn’t  conform  to  linear  wave 
theory.  Its  peak  occurs  at  0.03  Hz,  and  0.11  rad/m,  nearly 
the  same  wavenumber  as  the  wind  waves  but  at  about  1/5 
their  frequency.  This  feature  appears  in  the  velocity  image  of 
Fig.  2.a  as  occasional  bright  streaks  (large  line-of-sight 
velocity)  moving  almost  diagonally  from  upper  left  to  lower 
right.  Probable  causes  include  wave  breaking  events  or 
wave- wave  interactions  between  wind  waves  and  swell. 

All  of  the  peaks  in  the  velocity  spectrum  have  a 
corresponding  peak  in  the  backscattered  power  spectrum,  as  a 
comparison  of  Figures  2.a  and  2.b  clearly  indicates.  Wind 
waves  and  swell  appear  in  the  backscattered  power  spectra 
primarily  due  to  their  modulation  by  the  gravity  waves.  Note 
the  peak  at  the  swell  frequency  is  considerably  smaller  than 
the  wind  wave  peak,  indicative  of  the  lower  level  of 


modulation  by  azimuthally  traveling  waves.  The  radar 
backscattered  spectrum  also  shows  considerable  low- 
frequency  clutter  below  0.1  Hz,  with  no  clear  corresponding 
signature  in  the  velocity  spectrum. 


Figure  3.  Vector  plot  of  various  quantities  relevant  to 
images  of  Fig.  1 .  Swell  directions  were  obtained  by  fitting 
linear  dispersion  curves  to  the  peaks  in  the  velocity  spectrum. 


CONCLUSION 

The  complicated  ocean  surface  evolves  both  in  time  and 
space.  Waves  of  various  amplitude,  wavelength  and  period 
cover  the  ocean  surface.  Waves  often  interact  with  each 
other,  and  nonlinear  intermittent  processes  such  as  wave 
breaking  also  occur.  In  this  paper,  it  is  demonstrated  through 
an  example  that  the  long  gravity  waves  follow  linear  wave 
theory.  However,  there  are  also  features  on  the  surface  that 
do  not  conform  to  linear  theory.  Point  measuring  systems 
that  measure  in  either  time  or  space  provide  insufficient 
information  for  exploring  these  observed  anomalies.  Since 
ocean  surface  features  manifest  themselves  in  surface 
velocities,  simultaneous  measurements  of  the  spatial  and 
temporal  variations  of  the  ocean  velocity  filed  provide 
valuable  information  about  the  ocean  surface  dynamics. 
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Abstract  -  A  deep  draft  fishing  boat  was  used  to  generate 
internal  waves  in  a  glacially-fed  Norwegian  fjord  during 
August  1995.  Data  from  a  CCD  camera,  and  X-band  delta-K 
radar  were  used  to  compute  the  internal  wave  dispersion 
relation.  The  optically  derived  dispersion  relation  agreed  with 
theoretical  calculations  based  on  nearby  CTD  casts.  The 
radar  observations  also  showed  good  agreement  with  the 
CTD  casts  but  in  addition  exhibited  a  nondispersive  feature 
which  may  be  attributed  to  nonlinear  scattering  of  the  radar 
signal  from  the  surface  roughness. 

INTRODUCTION 


Internal  waves  cause  currents  at  the  surface  of  the  ocean 
which  interact  with  wind  waves  and  thus  modulate  the 
surface  roughness.  This  modulated  surface  roughness  can  be 
monitored  optically,  since  a  change  in  rms  roughness  causes 
a  change  in  reflected  sky  radiance,  which  shows  up  as  bright 
and  dark  bands  propagating  on  the  water  surface.  A  time 
sequence  of  optical  images  can  be  Fourier  analyzed  to  yield  a 
direct  measurement  of  the  internal  wave  dispersion  relation. 
Similarly,  the  propagating  roughness  patterns  can  be 
monitored  by  radar.  A  coherent  multi-frequency  radar  known 
as  delta-K  radar  is  particularly  useful  for  investigating 
dispersion  relations.  Here  a  series  of  closely  spaced 
frequencies  are  transmitted,  and  the  complex  return  signals 
multiplied  together  in  pairs.  The  signal  can  be  thought  of 
as  the  return  from  those  Fourier  components  on  the  surface 
which  obey  the  resonant  Bragg  scattering  relation,  where  the 
resonant  frequency  corresponds  to  the  difference  in  the  two 
transmitted  frequencies.  By  carefully  choosing  the 
transmitted  frequencies,  a  large  number  of  unique  difference 
frequencies  can  be  generated,  allowing  the  dispersion  relation 
to  be  carefully  mapped  out. 

An  experiment  was  done  in  a  large  glacially-fed  fjord  in 
Norway  in  the  summer  of  1995,  where  the  pycnocline  was 
typically  at  a  depth  of  5  m.  A  deep  draft  fishing  vessel  was 
used  to  generate  internal  waves.  A  delta-K  radar  and  bore- 
sighted  video  cameras  were  located  on  a  cliff  820  m  above 
the  water.  In  situ  measurements  of  currents  were  made  at 
several  depths  from  a  platform  near  the  optical/radar 
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footprint,  and  periodic  CTD  casts  were  used  to  characterize 
the  stratification.  The  dispersion  relation  measured  directly 
with  the  delta-K  radar  and  the  video  systems  are  compared 
below  with  theoretical  predictions  based  on  the  in  situ  data. 

OPTICAL  MEASUREMENTS 


Two  Charge  Coupled  Device  (CCD)  video  cameras  were 
carefully  boresighted  with  the  delta-K  radar.  Both  cameras 
were  rotated  90®  from  their  usual  orientation  in  order  to 
maximize  coverage  in  the  radar  look  direction.  One  camera 
provided  an  overview  of  ship  activity  in  the  fjord,  while  the 
coverage  of  the  second  camera  was  matched  with  the  radar. 
Both  cameras  had  their  IR  blocking  filters  removed  and  were 
equipped  with  a  Kodak  number  23  A  red  filter  and  horizontal 
polarizer.  These  steps  greatly  improved  the  image  quality, 
particularly  in  the  early  morning  when  visibility  was  often 
reduced  by  fog.  The  images  from  each  camera  were  recorded 


Fig.  1.  —  CCD  image  showing  the  7  m  draft  fishing 
boat  Fiskebas  used  to  generate  internal  waves.  The 
delta-K  radar  beam  is  shown  as  an  inscribed  circle. 
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digitally  with  a  period  of  10  s  throughout  the  daylight 
hours.  Fig.  1  is  a  video  image  from  the  higher  resolution 
camera  showing  the  deep  draft  (7  m)  Norwegian  fishing  boat 
Fiskebas,  which  was  used  to  generate  internal  waves. 
Fiskebas  was  run  in  a  racetrack  pattern  passing  the  near  and 
far  edges  of  the  radar  beam,  on  a  course  calculated  to  provide 
internal  waves  propagating  precisely  toward  or  away  from 
the  radar.  In  fact,  early  in  the  experiment  the  racetrack 
orientation  was  adjusted  slightly  based  on  the  video  images. 
The  delta-K  radar  antenna  one-way  (3dB)  beamwidth  of  2.1° 
is  shown  inscribed  on  the  video  image  in  Fig.  1 .  The  center 
of  the  beam  is  at  an  incidence  angle  of  70.4°.  When  the 
circular  beam  is  projected  onto  the  water  surface  it  becomes 
an  ellipse  with  major  and  minor  axes  of  268  m  x  89  m. 

Theoretically,  in  order  to  calculate  the  dispersion  relation 
from  a  time  sequence  of  two  dimensional  images  it  is 
necessary  to  compute  the  3-D  spectrum  S(co,k^,ky).  This 
was  the  approach  adopted  for  the  study  of  wind  wave 
dispersion  in  [1].  However,  since  the  internal  waves  under 
study  were  propagating  along  the  y  axis,  all  we  really  want 
to  compare  with  the  delta-K  radar  is  a  cut  through  the  3-D 
spectrum,  S(Q),k^  =0,/:^.).  This  was  obtained  by  averaging 
the  video  data  in  the  cross-look  direction  [2],  correcting  for 
foreshortening,  and  constructing  a  space-time  image. 
Computing  the  2-D  spectrum  of  this  image  yields 
S(co,k^.  =0,k^,) .  Note  that  S  is  the  spectrum  of  image 
radiance,  not  the  wave  height  spectrum,  but  it  should 
nevertheless  provide  information  on  the  propagation 
velocities  of  the  underlying  internal  waves.  Had  we 
computed  the  full  3-D  spectrum  it  would  have  been  possible 
to  estimate  the  average  vector  current  present  [1],  a 
calculation  we  plan  to  carry  out  in  the  near  future. 

Fig.  2a  shows  the  space-time  image  computed  for  run 
1101  on  11  Aug.  1995.  Large  gradients  in  brightness  were 
removed  in  order  to  improve  feature  recognition.  In  this  run, 
Fiskebas  passed  on  the  far  side  of  the  video  image,  hence  the 
ship  itself  does  not  appear  in  any  of  the  images.  Starting 
slightly  after  05:03  the  lead  internal  wave  entered  the  top  of 
the  video  image  with  a  phase  velocity  of  approximately  0.74 
m/s.  As  expected  for  a  dispersive  wave  system,  the  internal 
waves  gradually  decreased  in  wavelength  while 
simultaneously  weakening  (see  Fig.  2a  at  05:30).  A  2-D 
Fast  Fourier  Transform  (FFT)  was  computed  after 
windowing  the  image  with  a  10%  cosine  taper.  The  resultant 
spectrum  shown  in  Fig.  2b  shows  a  very  clearly  defined 
peak  in  the  spectral  density  lying  slightly  below  the  dashed 
theoretical  curve.  The  theory  curve  is  the  simplified 
dispersion  relation  given  by  Barber  [3],  with  a  Brunt  Vaisala 
frequency  of  0.0398  Hz,  and  maximum  phase  velocity  of 
1.09  m/s,  both  measured  by  a  CTD  cast  nearby  in  time.  We 
plan  to  incorporate  a  correction  for  the  mean  current  flow 
into  the  theoretical  calculation  in  the  near  future. 
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Fig.  2  —  Run  1101  optical  data,  (a)  Space-time 
image,  (b)  Wavenumber- frequency  spectrum. 

DELTA-K  RADAR  MEASUREMENTS 


The  delta-K  radar  was  a  coherent  horizontally  polarized 
X-band  multi-carrier  radar  system  equipped  for  transmission 
of  32  simultaneous  interrupted  CW  carriers  from  a  circular 
aperture  0.9  m  diameter  antenna.  The  32  frequencies  were 
chosen  to  give  evenly  spaced  difference  frequencies  from 
0.63585  MHz  to  148.789  MHz.  Separate  transmit  and 
receive  antennas  were  used.  The  transmitter  and  receiver 
pulse  lengths  were  set  to  3.1  |lIs,  with  a  repetition  interval 
of  9.4  ps.  The  complex  (I/Q)  time  series  were 
simultaneously  sampled  at  500  Hz. 

The  algorithm  for  computing  wavenumber-frequency 
spectra  consists  of  multiplying  the  various  pairs  of  raw 
complex  time  series  together,  correcting  for  gain  differences, 
smoothing  and  subsampling  to  a  10  Hz  rate,  and  finally 
computing  the  spectrum  of  each  of  the  496  delta-K  time 
series  over  an  interval  of  200  s.  Redundant  spectra 
corresponding  to  the  same  difference  frequency  are  ensemble 
averaged  together. 
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Fig,  3a  shows  a  frequency-wavenumber  spectrum  which 
has  been  ensemble  averaged  over  1200  s,  corresponding  to 
the  entire  period  of  significant  internal  wave  activity. 
Difference  frequencies  to  approximately  16  MHz  were  used 
in  constructing  this  figure.  The  peak  in  the  spectrum  at 
approximately  0.015  cycles/m  lies  on  the  dashed  theoretical 
curve,  but  there  is  a  progressive  deviation  at  higher 
wavelengths.  When  each  of  the  spectra  that  went  into  the 
ensemble  average  are  viewed  separately,  it  is  apparent  that 
the  spectral  peak  in  each  one  lies  on  the  theoretical 
dispersion  curve,  with  a  linear  feature  extending  toward 
higher  wavenumbers.  The  reason  for  the  apparent  linear  trend 
in  the  ensemble  averaged  spectrum  is  due  to  the  dominance 
of  the  spectra  early  in  the  event  when  the  internal  waves  are 
significantly  stronger.  Fig.  3b  shows  a  single  200  s 
spectrum  near  the  end  of  the  event.  Here  the  spectral  peak 
again  lies  on  the  theoretical  curve  at  a  wavenumber  of 
approximately  0.04  cycles/m.  The  linear  feature  is  missing, 
possibly  because  the  signal  has  become  so  small  that  the 
weaker  linear  feature  has  fallen  below  the  noise  floor. 

We  can  only  speculate  at  this  time  as  to  the  cause  of  the 
linear  features  in  the  wavenumber-frequency  spectra  from  the 
delta-K  radar.  At  the  beginning  of  the  event,  when  the  lead 
wave  begins  to  intrude  into  the  antenna  beam,  there  are  not 
enough  cycles  to  “resonate”  with  the  delta-K  processing, 
hence  the  spectra  respond  as  if  there  is  a  non-dispersive 
target  moving  through  the  beam  with  the  phase  velocity  of 
the  lead  wave.  However,  this  period  ends  fairly  soon  as  the 
beam  fills.  The  data  we  have  inspected  to  date  indicate  that 
the  linear  feature  (which  is  not  present  on  all  runs)  persists 
long  after  the  beam  has  filled.  An  alternate  explanation, 
suggested  to  us  by  K.  Ward,  is  that  nonlinear  scattering  of 
the  radar  signal  from  the  water  surface  gives  rise  to  the  linear 
dispersion. 
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Fig.  3  —  Wavenumber-frequency  spectra  from  the 
delta-K  radar,  (a)  Averaged  over  the  entire  event,  (b) 
Averaged  over  200  s  near  the  end  of  the  event. 
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INTRODUCTION 

A  comprehensive  multi-sensor  experiment  on  air- 
sea  interactions  was  held  off  the  coast  of  northern  Oregon 
during  September  and  October  of  1995.  The  experiment, 
called  the  Coastal  Ocean  Probing  Experiment  (COPE), 
utilized  the  Environmental  Technology  Laboratory's  (ETL) 
two  shore-based  microwave  radars,  one  at  x-band  and  the 
other  at  k^-band,  and  a  full  complement  of  in-situ  and  other 
remote  sensors.  Sensors  were  mounted  on  the  Scripps 
Institute  Floating  Instrument  Platform  (FLIP)  to  measure 
properties  of  the  air-sea  interface  including  wind,  wind 
stress,  air/sea  temperatures,  wave  characteristics,  and 
profiles  of  current,  temperature,  and  density. 
Scatterometers  at  k^-band  and  x-band,  a  laser  wave  slope 
device,  and  microwave  and  IR  radiometers  were  also 
operated  from  FLIP.  Other  active  and  passive  remote 
sensors  were  deployed  from  a  blimp,  and  a  small 
complement  of  in-situ  and  atmospheric  sensors  were 
operated  from  a  65  ft  boat,  the  Snowgoose.  A  moored  array 
consisting  of  thermistor  chains  and  an  inverted  echo 
sounder  was  also  operated  within  view  of  the  radars. 
Additionally,  a  Doppler  lidar  was  operated  near  the  shore  to 
measure  winds  within  a  few  meters  of  the  ocean  surface 
and  a  Coastal  Ocean  Dynamics  Radar  (CODAR)  system 
was  used  to  monitor  larger  scale  ocean  currents  in  the  area. 

The  northern  coast  of  Oregon  was  selected  for  its 
wide  variety  of  atmospheric  and  oceanic  conditions  and 
particularly  for  the  frequency  and  intensity  of  tidally-forced 
internal  waves  (IW)  in  that  area.  The  proximity  of  a  744 
m-elevation  radar  site  within  4  km  of  the  shoreline  satisfied 
another  important  observational  requirement. 

As  expected,  a  wide  variety  of  wind  and  wave 
conditions  were  experienced  during  COPE  with  swell 
varying  from  less  than  1  m  to  over  3  m  and  winds  up  to  17 
ms‘^  Nearly  all  sensors  observed  manifestations  of  the 
tidally-forced  internal  waves,  often  during  conditions  of 
high  wind  and  waves  when  such  signatures  would  not  seem 
0-7803-3068-4/96$5.00©1996  IEEE 


to  be  expected. 

Preliminary  results  of  radar  observations  will  be 
stressed  here,  particularly  regarding  observations  of  the 
naturally-occurring  internal  wave  fields.  The  large  amount 
of  high-quality,  in-situ  atmospheric  and  oceanic 
measurements  available  during  the  experiment  will  be 
useful  in  helping  to  interpret  the  various  polarimetric, 
Doppler,  delta-k,  and  multi-wavelength  radar  data  obtained 
during  COPE. 

THE  EXPERIMENT 

The  IW  packets  in  the  experimental  area  are 
caused  by  tidal  flow  over  a  well-defined  shelf  break  about 
70  km  offshore  and  the  nearby  source  of  fresh,  warm  water 
from  the  Columbia  River  that  produces  a  strong  density 
gradient  at  a  depth  of  ~  15  m.  SAR  imagery  such  similar  to 
that  shown  in  Fig.  1  (courtesy  of  John  Bates, 
NOAA/Climate  Diagnostics  Center)  gave  us  good  reason  to 
believe  that  this  region  would  be  active  with  internal  waves. 

Two  instruments  critical  to  the  success  of  COPE 
were  the  ETL  x-band  and  k^-band  Doppler  radars  which 
were  operated  together  from  the  744  m  level  near  Onion 
Peak,  4  km  from  the  shoreline  and  50  km  south  of  the 
Columbia  River.  This  high  site  allowed  the  radars  to 
observe  backscatter  from  the  ocean  to  50  km  range  and 
covered  the  entire  region  sampled  by  FLIP,  the  blimp,  the 
Snowgoose,  the  moored  array,  the  lidar,  and  the  CODAR  as 
shown  in  Fig.  2. 

The  radars  operated  in  a  variety  of  modes,  usually 
on  a  two  hour  cycle.  These  modes  included  surveillance 
scanning  to  cover  the  entire  region  in  relatively  coarse 
detail,  higher  resolution  but  limited-area  scans,  and  fixed 
azimuth/variable  elevation  scans  for  observing  radar  cross- 
section  as  a  function  of  grazing  angle.  Other  radar  data  that 
were  collected  as  conditions  allowed  were  1)  fixed  beam 
(FB)  data  to  allow  wave  fronts  to  propagate  through  and 
allow  0)  vs.  k  plots  to  be  constructed  from  two  dimensional 
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Fig.  1 .  SAR  imagery  off  the  northern  Oregon  coast  at  0625 
Z  on  Sept.  1 1,  1995. 

FFTs  of  the  range/time  images,  2)  FB  delta-k  data  to 
observe  surface  currents  at  high  resolution,  3)  FB  Doppler 
spectra  data  to  examine  spectrally-resolved  details  of  the 
echo  at  different  polarizations,  and  4)  repeated  sweeps  of 
the  anteima  at  fixed  elevation  over  several  hours  to  observe 
the  wave  temporal  evolution.  These  data  modes  allowed  for 
measurements  of  the  spatial/temporal  characteristics  of  HH, 
VV,  HV,  and  Doppler  velocity  to  be  observed  at  the  two 
radar  wavelengths.  Radar  parameters  are  given  in  Table  1 . 

The  overall  objectives  of  COPE  are  threefold:  1) 
to  determine  the  extent  to  which  environmental  conditions 
affect  our  ability  to  observe  the  surface  strain  rate  field  with 
active  and  passive  microwave  techniques,  2)  to  improve  our 
ability  to  retrieve  ocean  surface  layer  fluxes,  stability  and 
winds  with  active  and  passive  microwave  sensors,  and  3)  to 
increase  our  overall  understanding  of  scattering  and 
emission  from  the  ocean  under  all  atmospheric  conditions. 
COPE  was  organized  and  coordinated  by  NOAA/ETL,  but 
it  benefited  greatly  because  of  major  contributions  by 
researchers  from  the  Naval  Post  Graduate  School, 
University  of  Washington  Applied  Physics  Laboratory, 
Johns  Hopkins  University  Applied  Physics  Laboratory, 
Woods  Hole  Oceanographic  Institute,  the  Canadian  Institute 
for  Oceanographic  Sciences,  and  the  University  of 
Washington.  It  differed  significantly  from  the  San 
Clemente  Ocean  Probing  Experiment  (SCOPE)  conducted 
by  ETL  two  years  earlier  in  that  it  was  located  in  an  active 
field  of  naturally-occurring  IWs,  it  experienced  a  much 
wider  variety  of  wind  and  wave  conditions,  there  was  a 
stronger  emphasis  on  measuring  inhomogeneous  flows  and 
density  profiles  with  a  better  complement  of  in-situ  meas- 


Fig.  2.  COPE  experimental  layout.  Grazing  angles  are 
shown  at  each  range  mark 


urements,  there  were  significant  enhancements  to  ETL 
remote  sensing  instrumentation,  and  there  was  wider 
external  involvement  which  brought  to  the  experiment 
important  instrumentation  such  as  scatterometers,  thermal 
imaging  devices,  CTDs,  thermistor  chains,  acoustic  Doppler 
current  profilers  and  laser  wave  measurements  from  other 
organizations. 


Table  1.  Characteristics  of  ETL  Ocean  Radars 


Parameter 

X-band 

K^-band 

Peak  Power  (KW) 

20 

100 

Pulse  Width  (m) 

7,37,  150 

37 

Beamwidth  (deg) 

1.0 

0.5 

HW  Pol  Switching 

fast,  ferrite 

slow,  mechanical 

No.  Gates 

328 

328 

Doppler 

yes 

yes 

Delta-k  Bandwidth 

35  MHz 

N.A. 

INITIAL  RADAR  RESULTS 

Internal  waves  were  observed  on  nearly  all  of  the 
24  days  of  radar  operations.  The  contrast  with  which  they 
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could  be  seen  (defined  as  the  peak-to-peak  amplitude  of  the 
return  signal)  varied  with  wind  speed,  polarization,  radar 
wavelength,  and  other  factors.  The  effect  of  surface  layer 
stability  is  currently  being  investigated.  Fig.  3  shows  an 
image  of  the  IW  field  when  the  wind  was  1 1  ms'‘  from  the 
north,  i.e.,  approximately  along  the  wave  front.  Radar  echo 
is  shown  from  22  to  30  km  and  the  leading  edge  of  IW 
appears  at  26.5  km  from  the  radar.  Its  contrast  is  seen  to  be 
greater  at  HH  (right  frame)  than  at  VV.  FLIP  is  seen  at  a 
range  of  29  km  and  an  azimuth  of  257°. 


Fig.  3.  X-band  radar  images  of  IW  field  at  2226  Z  on  Sept. 
19,  1995.  Grazing  angle  is  approximately  1.7  degrees.  HH 
and  VV  images  are  in  right  and  left  frames  respectively. 


An  average  of  data  from  247°  to  253  °  is  shown  in 
Fig.  4  and  clearly  shows  the  increased  contrast  in  HH  over 
VV.  HH  shows  peak-to-peak  swings  of  about  9  dB  whereas 
VV  is  less  than  4  dB.  This  was  generally  the  case  as  shown 
in  Table  2  where  the  IW  peak-to-peak  amplitudes  are  shown 
for  both  polarizations  on  other  days  having  light,  moderate 
and  strong  winds.  It  is  noted  that  the  IW  signature  was 
evident  at  HH  even  when  the  winds  were  very  high  (17 
ms‘*  )  and  the  sea  was  rough.  The  leading  edge  of  IW 
packets  as  viewed  with  the  radars  during  COPE  generally 
propagated  at  about  0.9  ms'^  and  crest-to-crest  distances 
near  the  leading  edge  were  typically  about  800  m.  Detailed 
radar  observations,  including  time  lapse  imagery  of  IW 
packets  and  radar  wavelength  differences,  will  be  discussed 
during  the  presentation. 

A  wide  variety  of  delta-k  observations  (Plant  and 
Schuler,  1980)  were  also  taken  during  COPE  with  the  intent 
of  measuring  surface  current  gradients  at  a  measurement 


Fig.  4.  Average  of  X-band  radar  signals  at  VV  and  HH 
within  azimuth  sector  from  247°  to  253°  at  2226  on  Sept. 
19,  1995. 


Table  2.  Contrast  for  each  polarization  for  various  wind 
speeds  during  COPE. 


Wind  Speed  (ms"’) 

VV 

HH 

1 

8dB 

>8  dB 

5 

7dB 

>19  dB 

8 

6  dB 

19  dB 

15 

** 

8  dB 

resolution  of  150  m  in  the  vicinity  of  an  IW.  Improvements 
in  delta-k  processing  algorithms  have  been  found  since 
SCOPE  which,  under  many  conditions,  significantly 
improve  the  signal-to-noise  ratio.  These  results  will  also  be 
discussed. 
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Abstract  -  2D  Fourier  transform  analysis  was  carried  out  on  radar 
sea  clutter  data.  It  was  found  that  the  gravity  wave  dispersion 
relation  and  its  harmonics  were  clearly  visible  in  the  (o-k  images. 
The  dispersion  curve  and  its  harmonics  were  found  to  be  distorted 
and  rotated  fiom  their  expected  positions  due  to  the  existence  of 
ocean  currents.  Measurements  are  made  fiom  the  dispersion 
curves  of  both  advancing  and  receding  waves,  and  a  significant 
difference  is  observed  between  the  two  measurements. 


INTRODUCTION 


A  current  represents  a  transport  of  the  water  mass,  and  can  be 
thought  of  as  a  translation  of  the  entire  coordinate  frame  of  the 
waves.  So  that  if  there  is  a  current  V  relative  to  the  observer  then 
there  will  be  an  additional  Doppler  shift  k.  V  superimposed  on  the 
Doppler  spectrum  seen  in  the  co-k  image.  The  final  Doppler  shift 
is  given  by, 

(x>  -  (x>Q  +  k.V 

(2) 

where  Qq  is  the  fi'equency  of  the  gravity  waves  in  the  absence  of 
a  current,  and  o>  is  the  fi*equency  observed  for  a  particular  wave 
of  wave  vector  k  in  the  presence  of  a  current. 


An  experiment  was  carried  out  jointly  by  DR  A  Malvern  and 
DRA  Southwell  fiom  the  5th  to  the  28th  October  1994  fiom  a 
cliff-top  site  at  Portland,  on  the  south  coast  of  England.  A  high 
resolution  (1 .5m),  dual  polarisation  and  multi-frequency  radar  was 
positioned  on  the  cliff-top  (60m  above  sea  level).  Eitiier  KXTHz 
and  16GHz,  or,  lOGHz  and  3GHz,  were  measured  simultaneously 
with  both  vertical  and  horizontal  polarisation.  The  range  to  the 
middle  of  the  swath  was  around  2.5km,  thus  there  was  a  grazing 
angle  of  1-2®,  The  beam  width  of  the  radar  was  around  1®. 

The  depth  of  the  sea  was  between  35 -40m  over  the  area  of 
observations.  The  position  of  the  site  was  such  that  large  swell 
waves,  presumably  from  the  Atlantic,  were  present. 

Several  environmental  buoys  were  fielded  that  collected 
directional  wave  spectra,  ocean  current,  wind  speed,  as  well  as  a 
number  of  other  parameters. 

Remote  sensing  measurements  of  ocean  currents  have  been 
made  for  many  years  by  researchers  using  HF  radio  measurements 
[1,2] .  At  the  microwave  frequencies  used  in  this  experiment,  the 
Bragg  peaks  in  the  Doppler  spectra  are  not  distinct  enough  for 
accurate  measurement  A  technique  similar  to  that  used  by  Young 
and  Rosenthal  [3],  is  more  effective. 

In  an  co-k  image,  we  would  expect  most  of  the  spectral  energy 
to  lie  along  a  line  along  a  line  defined  by  the  gravity  wave 
dispersion  relation, 

o>o^  =  kg  X3.Tih(kd) 

(1) 

Where  Wq  and  k  are  the  wave  frequency  and  wave  vector 
respectively,  g  is  the  acceleration  due  to  gravity  and  d  is  the  depth 
of  the  water. 
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DATA  ANALYSIS 

Fig.  1  shows  Range-Time-Intensity  (RTI)  images  produced 
fiom  data  that  has  been  averaged  to  1  second  per  pixel.  There  are 
two  different  fiequency  bands,  I-band  (lOGHz)  and  F-band 
(3GHz),  and  two  different  polarisations.  The  most  obvious 
difference  visible  between  the  images  is  that  the  H-pol  data  is 
spikier  than  the  V-pol. 

Fig,  2  shows  the  corresponding  co-k  images  of  the  data  shown 
in  Fig.  1.  The  gravity  wave  dispersion  curve,  both  positive  and 
negative,  can  be  observed.  The  negative  curve  comes  from  waves 
receding  fiom  the  radar,  and  away  fiom  the  shore,  against  the 
predominant  wind  direction. 

A  harmonic  of  the  dispersion  curve  may  also  be  seen.  If  we  use 
the  deep  water  approximation,  where  we  neglect  the  tanh(kJ ) 
term  because  it  tends  to  1  for  suftSciently  large  d,  then  we  may 
write. 


In  general  the  harmonics  take  the  form  cOq^  =  nkg,  where 
n=2,3,4,.. 

It  is  obvious  in  Fig.  2  that  the  curves  are  not  symmetric,  and 
that  they  have  been  affected  by  the  presence  of  an  ocean  current. 
Equation  (2)  was  used  to  simulate  what  we  would  expect  to  see  in 
the  co-k  image.  Fig.  3  shows  the  effect  on  the  positive  dispersion 
curve  only,  for  currents  between  +2.5ms‘^  to  -2.5ms‘^  in  steps  of 
0.5ms  ^  Fig.  4  shows  the  efect  for  both  positive  and  negative 
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sides  of  the  dispersion  curve,  when  there  is  a  current  of  Ims'^ 
towards  the  radar.  Even  quite  modest  currents  produce  a 
significant  distortion  to  the  (o-fc  images. 

Fig.  5  shows  a  slice  taken  at  a  constant  value  for  k  through  one 
of  the  (o-k  images  shown  in  fig.  2.  The  scale  of  the  co-k  image  is 
in  feet  fiequency,/and  wave  vector  1/X,  so  we  get  1/A,=0.0625m’^ 
and  /=0.2676Hz.  Using  the  value  of  k  and  g  (9.81ms‘^)  to 
calculate  we  may  then  by  using  (2)  calculate  the  current 
towards  the  radar,  V.  For  the  advancing  waves  the  current  is 
measured  to  be  -0.71ms  ^  but  for  the  receding  waves  (negative 
dispersion  curve),  K=-0.88ms‘^ 

It  is  possible  to  make  these  measurements  with  different  radar 
look  angles.  The  results  are  summarised  below.  The  error  for  each 
of  the  measurements  is  around  +/-0.04ms  ^ 


Table  1 


Radar  look 
direction 

Current  measured  (m/s) 

Adv.  waves 

Rec.  waves 

into  wind 

-0.68 

-0.91 

45®  to  wind 

0.45 

0.25 

across  wind 

0.90 

0.73 

The  current  for  advancing  waves  appears  to  be  consistently 
greater  (more  positive)  than  that  for  the  receding  waves  by  around 
0.2ms Further  measurements  fiomdata  collected  into  wind  over 
two  days,  show  that  although  the  current  varies  substantially 
through  the  period  due  to  tides,  there  is  still  a  nearly  constant 
0.2ms'‘  difference. 

Wave  Resolution  and  Spatial  Selectivity 

We  can  make  an  approximation  that  waves  of  a  particular 
wavelength  are  not  resolvable  if  there  are  many  peaks  and  troughs 
fcw  those  waves  in  each  range  cell.  Fig.  6  shows  ihe  geometiy  used 
to  estimate  limits  for  the  minimum  wavelength  resolvable  for  a 
given  angle  of  entry.  We  assume  that  there  should  be  only  one 
wave  crest  of  a  wavelength  A,  in  a  range  cell  at  any  time,  and  that 
all  the  waves  are  long-crested.  Thus, 

k/2  >  |sin0  I  +  w|cos0|, 

(4) 

where  0  is  the  entry  angle  of  the  wave  into  the  range  cell,  R  is  the 
range  from  the  radar  and  <{)  is  the  beam  width.  The  length  of  the 
long  axis  of  the  range  cell  is  given  by  R^  (--SOm),  and  the  width 
of  the  short  axis  is  w  (1.5m).  So  for  a  wavelength  of  5m,  the  entry 
angle  is  restricted  to  around  +/-2°.  Manasse  [4]  produces  very 
similar  results  for  the  same  radar  system  by  using  Fourier 
transform  theory. 

Fig.  7  shows  a  simulation  of  what  we  would  expect  to  see  in  the 
a)-k  image  if  there  were  waves  present  of  every  wavelength  and 
travelling  in  every  direction.  There  is  some  broadening  of  the 


curve  fca*  long  wavelengths.  A  con^>arison  of  the  simulation  with 
any  of  the  co-k  images  in  fig.  2  shows  good  agreement,  if  the  effect 
of  current  is  ignored. 

Conclusions 

From  (o-k  analysis  of  high  resolution,  narrow  beam  width  radar, 
it  is  possible  to  see  the  gravity  wave  dispersion  relation  and  its 
harmonics.  There  is  slightly  less  line  resolution  for  H-pol  than  V- 
pol,  but  otherwise  the  results  are  very  similar  for  both  frequency 
bands  and  polarisations. 

The  curves  are  effected  by  the  presence  of  currents.  Advancing 
and  receding  waves  appear  to  be  effected  in  a  different  way,  or 
else  there  is  a  slightly  difeent  imaging  mechanism  that  is  causing 
the  difference. 

It  is  apparent  fiom  the  co-k  images  that  a  high  degree  of  spatial 
selectivity  must  exist  in  order  for  the  dispersion  curves  to  be  so 
sharply  defined  We  would  expect  to  see  a  solid  cone  if  there  were 
no  spatial  selectivity. 
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Abstract  -  This  paper  presents  fully  polarimetric  radar 
scattering  measurements  of  low  grazing  angle  sea  clutter.  The 
measurements  were  obtained  at  a  three  degree  grazing  angle 
using  a  high  range  resolution  (1.5  m)  X-Band  polarimeter 
operated  from  a  shore  site  overlooking  the  Chesapeake  Bay. 
Analysis  of  these  measurements  indicates  that  “sea  spike” 
radar  echoes  are  caused  by  a  combination  of  two  or  more 
independent  scattering  mechanisms,  such  as  a  population  of 
non-Bragg  scatterers  at  breaking  wave  crests,  superimposed  on 
a  background  of  distributed  Bragg  resonant  waves.  The 
experimental  data  are  compared  with  theoretical  polarimetric 
scattering  models  based  on  Bragg  scattering  as  well  as  Bragg 
scattering  augmented  with  scattering  from  wedges  and  plumes. 
Polarization  signatures  for  the  composite  Bragg+plume  model 
are  shown  to  more  closely  predict  the  experimental  data  than 
the  Bragg  model  alone  or  the  composite  Bragg+wedgc 
scattering  model. 

I.  INTRODUCTION 

Radar  systems  operating  from  ship  and  shore-based 
platforms  tend  to  view  the  ocean  surface  at  grazing  angles 
below  a  few  degrees.  Microwave  radar  backscatter  from  the 
ocean  at  these  low  grazing  angles  (LGA)  is  more  complex 
and  less-well  understood  than  ocean  scattering  at  higher 
grazing  angles.  A  striking  characteristic  of  LGA  sea  scatter 
is  the  presence  of  ”sea  spikes"  -  large  amplitude  scattering 
events,  of  ~  1  second  duration  frequently  observed  in  high- 
resolution  (~10  m)  horizontally  polarized  (HH)  microwave 
sea  echoes.  Sea  spikes  exhibit  cross-section  values, 
polarization  ratios  (ratio  of  HH  to  VV  normalized  radar 
cross  section)  and  Doppler  shifts  significantly  larger  than  be 
explained  by  a  distributed  Bragg-resonant  surface  scattering 
model.  The  occurrence  of  sea  spikes  is  generally  associated 
with  the  passage  of  breaking  wave  crests  through  the  radar 
resolution  cell,  but  the  scattering  mechanism  or  mechanisms 
responsible  for  these  echoes  are  presently  unknown. 

Examination  of  dual  polarized  (VV  and  HH)  amplitude 
statistics  [1,2],  Doppler  spectra  [3,4],  and  polarization 
signatures  [5]  of  LGA  radar  echoes  from  the  ocean  suggests 
that  a  combination  of  Bragg  resonant  waves  and  non-Bragg 
scatterers  are  contributing  to  the  sea  spike  events. 
0-7803-3068-4/96$5.00©1996  IEEE 


Scattering  structures  associated  with  breaking  wave  crests, 
such  as  wedges  [6]  and  plumes  [7],  have  been  suggested  as 
being  responsible  for  the  non-Bragg  component  of  the  sea 
spike  echo.  In  this  paper,  we  examine  the  Stokes  scattering 
matrix  descriptions  of  wedge,  plume,  and  Bragg-wave 
scatterers  and  compare  these  descriptions  with  the  fully 
polarimetric  scattering  measurements  of  sea  spikes  reported 
in  [5]. 

II.  POLARIMETRIC  SCATTERING  FROM  SEA  SPIKES 

Polarimetric  scattering  measurements  of  ocean  waves 
were  performed  during  August  1992  from  a  shore  site 
overlooking  the  Chesapeake  Bay.  The  X-band  (9.3  GHz) 
radar  was  installed  on  a  cliff,  35  m  above  sea  level,  with  the 
antenna  beam  ’Irected  into  the  incoming  wind  and  waves. 
Visually,  the  w  we  field  was  composed  of  trains  of 
regularly-spaced  wind  waves  propagating  perpendicular  to 
the  shore  line,  with  occasionally  breaking  crests. 
Measurements  were  obtained  at  a  distance  of  approximately 
700m  from  shore  at  a  three  degree  grazing  angle  in  7  m  deep 
water.  The  radar  had  1.5  m  range  resolution.  The  radar, 
experiment  design,  and  signal  processing  are  described  in 
detail  in  [5]. 

A.  Polarization  Signatures  of  Sea  Spikes 

A  Stokes  scattering  operator  representative  of  sea  spike 
echoes  was  computed  by  averaging  individual  Stokes 
operators  for  fifteen  different  sea  spike  events  resulting  in 
the  4x4  matrix  (using  the  notational  convention  from  our 
earlier  paper  [5]): 


■  1.0000 

-0.2209 

0.0540 

0.0224 

-0.2008 

0.7642 

0.0698 

0.0186 

0.0417 

0.0591 

0.2544 

0.0008 

-0.0079 

0.0058 

-0.0586 

-0.0343 

The  “polarization  signature”  calculated  from  this  matrix  is 
shown  in  Fig  1.  Salient  features  of  this  plot  include:  large 
cross-section  values  at  both  horizontal  (orientation  angles  of 
±90°,  ellipticity  angle  of  0°)  and  vertical  (orientation  angle  0 
°,  ellipticity  angle  0°)  polarizations,  a  large  “pedestal”  value 
of  -0.4  on  which  the  wavy  signature  surface  sits,  and  a 
"coefficient  of  variation"  (ratio  of  the  minimum  to 
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maximum  cross-section  values  for  a  polarization  signature 
plot)  of  0.31,  indicating  that  sea  spike  scattering  events  are 
not  highly  sensitive  to  radar  polarization.  The  last  row  of 
Table  1  summarizes  the  VV  and  HH  normalized  radar  cross 
section  (NRCS)  values  in  dB  for  the  sea  spikes  as  well  as  the 
polarization  ratio  (the  dB  difference  of  HH  to  VV  NRCS, 
denoted  by  Xhhw )  and  the  coefficient  of  variation,  o,  for  the 
signature  plot  of  Fig.  1 .  The  quantity  in  the  Table  is  a 
normalized  covariance  coefficient  describing  the  correlation 
between  vertically  and  horizontally  copolarized  scattering 
components.  The  low  value  of  0.17  for  this  coefficient 
indicates  that  the  VV  and  HH  scattering  coefficients  are 
dominated  by  different,  independent  scattering  mechanisms. 
(The  remaining  three  rows  of  Table  1  contain  the  same  set 
of  parameters  for  three  other  scattering  models  to  be 
discussed  below.) 


Table  1 :  Parameters  for  Models  and  Measured  Data 


Model 

a°iih 

%hhvv 

Pvvhh 

\) 

Bragg 

-55.7 

-27.5 

-28.2 

1.00 

1.3e-4 

Bragg  +  Wedge 

-25.1 

-22.2 

-3.0 

0.86 

0.05 

Bragg  +  Plume 

-25.2 

-25.7 

0.5 

0.60 

0.19 

Sea  Spike  data 

-25.1 

-27.2 

2.4 

0.17 

0.31 

B.  Bragg  Scattering  Model 

The  complete  set  of  six  scattering  matrix  elements 
required  to  calculate  the  Stokes  scattering  operator  for 
second-order  Bragg  scattering  can  be  found  in  [8].  For  a 
zero  degree  tilt  angle,  the  Stokes  scattering  operator  for  the 
Bragg  model  based  on  a  saturated  capillary  wave  spectrum 
is  given  by: 

r  1.0000  0.9968  0  0 

0.9968  0.9999  0  0 

0  0  0.0758  0.0218 

0  0  0.0218  -  0.075  8_ 

and  the  corresponding  polarization  signature  is  shown  in 
Fig.  2.  In  contrast  to  the  signature  of  sea  spikes,  the 
polarization  signature  for  Bragg  scattering  is  characterized 
by  a  strong  vertically  polarized  response,  weak  horizontally 
polarized  cross-section  (polarization  ratio  of  -28.2  dB),  low 
coefficient  of  variation  of  l.3T0^,  and  negligible  pedestal. 
These  quantities  are  listed  in  the  first  row  of  Table  1.  Bragg 
scattering  predicts  VV  cross  section  levels  within  one  dB  of 
the  measured  sea  spike  data.  However,  the  Bragg  model 
significantly  underpredicts  both  the  measured  HH  cross 
section  levels  and  the  polarization  ratio,  by  nearly  30  dB. 

C.  Composite  Bragg+Wedge  Scattering  Model 

Ref.  [6]  suggested  that  scattering  from  wedge-shaped 
surface  elements  whose  radii  of  curvature  are  small  with 


respect  to  the  radar  wavelength  may  become  important 
scattering  mechanisms  for  breaking  waves  at  low  grazing 
angles.  They  showed  that  by  incoherently  superimposing 
scattering  from  a  population  of  normally-aligned  wedges 
onto  a  Bragg  scattering  background,  the  resulting  composite 
model  can  predict  both  VV  and  HH  NRCS  values  close  to 
measured  LGA  data.  The  wedge  scattering  cross  section 
dominates  the  predicted  HH  cross  section  values  for  LGA, 
whereas  the  Bragg  and  wedge  scattering  contributions  are 
compatible  with  one-another  for  the  VV  polarized  case. 

The  RCS  contribution  from  the  wedges  is  calculated  as  a 
function  of  local  grazing  angle  and  an  external  wedge  angle. 
A  value  of  240°  for  the  exterior  wedge  angle  was  suggested 
by  [6]  based  on  the  predicted  interior  angle  for  a  wave  at  the 
onset  of  breaking  and  will  be  used  for  the  results  presented 
here. 

The  normalized  Stokes  scattering  operator  for  the  wedge 
scattering  model  is  given  by; 

’1.0000  0.1687  0  0 

0.1687  1.0000  0  0 

0  0  0.9856  0 

0  0  0  -0.9856_ 

The  corresponding  polarization  signature  is  shown  in  Fig. 
3.  The  polarization  signature  for  the  wedge  exhibits  nearly 
equal  VV  and  HH  cross  sections  (polarization  ratio  -1.48 
dB),  a  negligible  pedestal,  and  extremely  low  coefficient  of 
variation  (\)=0.006). 

To  incorporate  a  wedge  contribution  to  into  a  composite 
Bragg  plus  wedge  model,  an  average  length  L  and  number  N 
of  the  wedges  per  unit  area  must  be  estimated.  The  wedge 
cross  section  component  is  proportional  to  UN ,  and  the 
total  cross  section  is  obtained  by  incoherently  adding  this 
wedge  contribution  to  the  Bragg  model.  A  value  of  UN  = 
0. 12  is  used  in  this  paper  to  match  the  measured  sea  spike 
cross  section  at  HH  polarization.  The  normalized  Stokes 
scattering  operator  for  the  combined  Bragg  plus  wedge 
model  is  given  by: 

r  1.0000  0.3278  0  0 

0.3278  1.0000  0  0 

0  0  0.8108  0.0042 

0  0  0.0042  -0.8108^ 

and  the  corresponding  polarization  signature  is  shown  in 
Fig.  4.  The  composite  signature  exhibits  large  HH  and  VV 
levels  but  lacks  the  large  pedestal  that  characterized  the 
experimental  sea  spike  polarization  signature.  Furthermore, 
the  VV  and  HH  polarized  components  predicted  by  this 
composite  model  are  highly  correlated,  in  contrast  to  the 
measured  data.  These  results  are  tabulated  in  Table  1.  This 
high  correlation  results  from  the  wedge  contribution 
yielding  high  cross  section  values  for  both  VV  and  HH 
elements  of  the  polarization  scattering  matrix. 
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C.  Composite  Bragg+Plume  Scattering  Model 

Wetzel  [7]  proposed  a  model  based  on  scattering  from 
“plume”  water  masses  generated  at  breaking  wave  crests.  In 
the  open  sea,  breaking  waves  tend  to  be  of  the  "spilling" 
type,  where  the  crests  sharpen  until  the  interior  crest  angle 
reaches  the  point  of  instability,  and  the  plume  water  masses 
then  break  from  the  crest  and  slide  down  the  front  face  of 
the  wave  due  to  gravity.  Wetzel  modeled  a  plume  as  a 
conducting  half  cylinder  sitting  on  an  inclined  flat  plane. 
The  electromagnetic  field  incident  on  the  plume  is 
composed  of  a  direct  field  reflected  from  the  cylindrical 
surface  in  addition  to  a  multipath  field  forward-reflected 
from  the  smooth  water  surface  ahead  of  the  cylinder. 
Resulting  cross  section  values  are  highly  sensitive  to 
changes  in  local  grazing  angle,  plume  diameter  and  position, 
due  to  the  varying  interference  between  the  direct  and 
forward-reflected  propagation  paths.  The  results  are  also 
highly  polarization  sensitive  due  to  the  substantially 
different  LGA  Fresnel  reflection  coefficients  for  sea  water  at 
horizontal  and  vertical  polarizations. 

The  RCS  contribution  from  the  plumes  is  calculated  as  a 
function  of  local  grazing  angle  and  a  ka  plume  size 
parameter,  where  electromagnetic  wavenumber  /:  is  2  cm’ 
at  X-band  and  a  is  the  plume’s  cylindrical  radius.  The 
model  is  highly  sensitive  to  values  of  ka,  the  number  of 
oscillations  in  the  predicted  HH  and  VV  cross  sections 
versus  grazing  angle  curve  increasing  with  increasing  ka. 
The  normalized  Stokes  scattering  operator  for  a  plume 
scatterer  with  ka  =  40  is  given  by: 

1.0000  -0.5303  0  0 

-0.5303  1.0000  0  0 

0  0  0.7104  -0.4628 

0  0  -0.4628  -0.7104 

and  the  corresponding  polarization  signature  is  shown  in 
Fig.  5.  The  signature  shows  a  large  HH  response, 
significantly  weaker  VV  response,  no  overall  pedestal,  and  a 
coefficient  of  variation  d  of  0.002. 

The  plume  contribution  to  a  composite  scattering  cross 
section  is  proportional  to  IdN  which,  in  the  following,  is 
chosen  to  match  the  measured  sea  spike  HH  cross  section 
level  for  a  given  value  of  ka.  The  normalized  Stokes 
scattering  operator  for  a  composite  Bragg+plume  scattering 
model  having  plume  parameters  ka  =  40  and 

L^V  =  4.5'10"Ms  given  by: 

’  1. 0000  -0.0556  0  0 

-0.0556  1.0000  0  0 

0  0  0.5131  -0.3122 

0  0  -0.3122  -0.5131 

and  the  corresponding  polarization  signature  is  shown  in 
Fig.  6. 

The  polarization  signature  shows  a  shape  similar  to  that  of 
the  measured  sea  spike  data,  exhibiting  large  VV  and  HH 


cross  sections  and  a  copolarization  ratio  of  0.5  dB.  The 
pedestal  of  -0.25  is  somewhat  lower  than  the  pedestal  value 
for  the  sea  spike  measurements  (0.45),  however  it  is 
substantially  higher  than  the  pedestal  value  predicted  by  the 
Bragg+wedge  model.  The  coefficient  of  variation  is  0.19. 
The  VV  and  HH  scattering  components  are  less  highly 
correlated  in  this  than  in  the  previous  model.  This  is  the 
result  of  a  high  fraction  of  the  total  VV  echo  being  caused 
by  the  Bragg  waves  in  the  Bragg+plume  model,  whereas  the 
HH  echo  is  entirely  caused  by  the  plume  scatterer. 

III.  SUMMARY  AND  DISCUSSION 

Large  pedestals  and  coefficients  of  variation  observed  in 
the  measurement  polarization  signature  of  Fig.  1  suggest 
that  sea  spikes  are  caused  by  a  multiplicity  of  independent 
scattering  mechanisms.  The  low  value  of  the  correlation 
coefficient  Pvv/j/i=  indicates  that  vertically  and 

horizontally  co-polarized  scattering  measurements  are  each 
dominated  by  a  different  type  of  scatterer. 

The  Bragg  scattering  mechanism  produces  VV  cross 
section  values  in  close  agreement  with  the  measurement  data 
but  it  significantly  underpredicts  the  measured  HH  cross 
sections.  A  combination  of  Bragg  and  non-Bragg  scatterers 
may  explain  the  measured  data.  To  reproduce  the  salient 
features  of  the  measured  polarimetric  data,  namely,  similar 
VV  and  HH  cross  section  values,  -  0  dB  polarization  ratio, 
large  pedestal,  large  coefficient  of  variation,  and  weak 
VVHH  correlation,  the  non-Bragg  scatterer  must  produce  a 
large  HH  echo  and  a  weak  VV  echo.  Wedge  scattering 
produces  large  VV  and  HH  components  and  thus  does  not 
predict  the  features  of  the  sea  spike  polarization  signature 
reported  here.  Plume  scattering,  based  on  a  multipath 
propagation  factor  model,  is  more  polarization  sensitive  than 
wedge  scattering.  Plume  parameters  chosen  to  produce  a 
large  HH  and  weak  VV  cross  section  value,  when  combined 
with  a  Bragg  scattering  contribution,  more  closely  predicted 
the  data  measured  in  this  experiment  than  the  wedge-based 
model. 
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Fig.  4.  Bragg+wedge  model  polarization  signature 


Fig.  2.  Bragg  model  polarization  signature  ^  Bragg+plume  model  polarization  signature 
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Abstract  -  Presently,  three  Coastal  Ocean  Dynamics  Appli¬ 
cations  Radars,  or  CODARs,  which  are  ocean  surface  current 
measuring  radars,  are  operated  around  Monterey  Bay,  Califor¬ 
nia  and  provide  data  hourly  to  an  ONR-funded  real  time  envi¬ 
ronmental  monitoring  system  operated  through  UC  Santa  Cruz 
known  as  REINAS.  CODARs  operate  using  Bragg  scatter  of 
high  frequency  (HF)  radio  waves  from  the  sea  surface  to  infer 
radial  surface  currents.  They  use  direction  finding  techniques 
applied  to  compact,  co-located  antennae  to  determine  the  bear¬ 
ing  angle  of  the  measurements. 

During  4-8  May  1995,  a  pair  of  high  frequency  radar  units 
called  Ocean  Surface  Current  Radars,  or  OSCR’s,  were  de¬ 
ployed  within  close  proximity  of  two  CODAR  systems.  Unlike 
the  CODAR  units,  OSCR  units  rely  on  standard  beam  forming 
techniques  using  a  long  (  80  m)  phased  array  to  determine  bear¬ 
ing  angle.  The  purpose  of  this  demonstration  was  to  highlight 
the  capabilities  of  the  OSCR  systems.  The  presence  of  the  CO¬ 
DAR  network  also  provided  a  unique  opportunity  to  compare 
measurements  from  the  two  types  of  HF  radars  to  each  other  and 
to  the  suite  of  in  situ  instrumentation  available  in  the  Monterey 
Bay  area. 

This  study  focuses  on  comparisons  of  radials  measured  from 
each  radar  system  along  the  corresponding  radar  baselines  and 
comparisons  of  radial  measurements  from  each  radar  site  to  the 
near-surface  ADCP  measurements. 

INTRODUCTION 

The  potential  for  high-frequency  (HF)  radar  instruments  to 
measure  ocean  surface  currents  was  first  explored  in  the  early 
1970’s  [1,  2].  Since  that  time,  various  versions  of  high- 
frequency  radar  instruments  have  been  used  throughout  the 
world  for  characterization  and  measurement  of  ocean  surface 
circulation,  as  well  as  ocean  wind  and  wave  parameters. 


The  physical  mechanism  that  allows  all  HF  radars  to  generate 
ocean  surface  current  measurements  has  been  well  documented 
in  the  literature.  See,  for  instance  [3,  4].  One  major  prac¬ 
tical  factor  that  affects  the  performance  of  off-the-shelf  high- 
frequency  radars  is  the  technique  that  is  used  to  determine  the 
bearing  angle  for  a  given  measurement.  Techniques  used  by  the 
systems  described  herein  are  beam  steering  and  direction  find¬ 
ing.  Discussions  on  the  implementations  of  both  techniques 
may  be  seen  in  [5]. 

The  CODAR  systems  that  are  stationed  in  the  Monterey  Bay 
area  utilize  a  broad  beam  system  and  a  direction  finding  tech¬ 
nique  to  determine  the  bearing  angle.  The  Marconi  OSCR 
systems,  on  the  other  hand,  use  a  narrow  beam,  which  is  steered 
to  the  desired  bearing  angle. 

EXPERIMENT 

Figure  1  illustrates  the  three  sites  in  Monterey  Bay  at  which 
the  CODARs  are  located  (two  of  which  were  also  sites  for 
the  OSCRs  during  this  period)  along  with  averaged  vector  data 
derived  from  both  the  CODAR  and  OSCR  units.  The  newer  ver¬ 
sion  of  CODAR  is  called  a  CODAR  SeaSonde  and  these  units 
exist  at  Point  Pinos  and  Santa  Cruz.  The  CODAR  SeaSonde 
at  Santa  Cruz  operated  at  a  frequency  of  12.2  MHz,  the  Point 
Pinos  CODAR  SeaSonde  and  operated  at  13.7  MHz,  and  the 
Moss  Landing  CODAR  operated  at  25.6  MHz  during  the  ex¬ 
periment.  Both  CODAR  SeaSondes  (at  Santa  Cruz  and  Points 
Pinos)  ran  continuously,  and  produced  new  radials  hourly.  The 
Moss  Landing  CODAR,  an  older  vintage  machine,  ran  for  about 
40  minutes  out  of  each  two  hour  period  and  produced  radials 
only  every  two  hours.  The  OSCR  sites  were  located  at  Moss 
Landing  and  Santa  Cruz,  and  they  produced  new  radials  every 
20  minutes  based  on  5  minutes  of  operation  during  each  twenty 
minute  period.  Both  OSCRs  operated  at  about  25.4  MHz.  The 
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OSCR  at  Moss  Landing  operated  with  a  receive  phased  array 
of  16  whip  antennas.  The  Santa  Cruz  OSCR  site  had  less  space 
available,  and  thus  a  receive  array  of  only  1 1  antennas.  The 
OSCR  at  Moss  Landing  operated  at  a  frequency  close  enough 
to  the  CODAR  that  the  OSCR  data  collected  when  the  CODAR 
was  turned  on  was  very  noisy.  Similarly,  at  the  Santa  Cruz  site, 
although  the  SeaSonde  and  the  OSCR  operated  at  different  fre¬ 
quencies,  the  proximity  of  the  two  units  resulted  in  interference, 
which  required  the  CODAR  SeaSonde  to  be  turned  off  while  the 
OSCR  collected  data.  Since  the  SeaSonde  requires  a  full  hour 
to  collect  data,  both  units  could  not  be  operated  simultaneously 
from  this  site. 


Figure  1 :  Monterey  Bay  with  sites  and  with  two  day  averaged 
derived  current  vectors  from  both  the  OSCR  and  CODAR  de¬ 
ployments  (averaging  periods  were  separated  by  two  days) 

BASELINE  COMPARISONS 

Validation  of  the  radial  ocean  surface  current  measurements 
made  by  HE  radar  is  not  straightforward.  The  measurement  is 
rather  unique  in  terms  of  its  large  swath  and  near-surface  depth. 
Past  comparative  studies  have  often  used  data  from  a  limited 
number  of  drifters,  a  moored  current  meter,  or  perhaps  a  moored 
ADCP  [  1, 6, 7] .  No  open  literature  to  date  has  that  we  are  aware 
of,  however,  has  examined  the  performance  of  HE  radar  systems 
for  current  measurement  by  comparing  radial  measurements 


made  along  the  baseline  that  joins  the  two  sites.  Under  ideal 
conditions,  radial  current  measurements  from  one  of  the  radar 
systems  would  be  equal  and  opposite  to  the  measurements  made 
from  the  opposite  site,  within  the  combined  error  bars  of  each 
system’s  performance.  Such  measurements,  of  course,  cannot 
be  made  unless  both  radar  sites  have  a  large  body  of  water  within 
their  field  of  view.  Both  the  CODAR  and  the  OSCR  setups  in 
Monterey  Bay  offer  this  geometry. 

CODAR  Baseline  Comparison 

Baseline  tests  were  performed  on  CODAR  radial  data  col¬ 
lected  between  August-December,  1994  [8].  The  three  sites  for 
which  baseline  pairs  were  made  are  shown  in  Figure  1 .  Results, 
which  are  shown  in  Figure  2  for  the  Santa  Cruz  -  Moss  Landing 
comparison,  indicate  that  the  lowest  RMS  differences  seen  be¬ 
tween  the  time  series  of  radials  collected  from  any  of  the  sites 
is  between  14  cm/s  and  17  cm/s,  depending  on  the  two  sites 
chosen  for  the  comparison.  Furthermore,  the  angle  at  which  the 
RMS  difference  is  minimized  (and  at  which  the  correlation  is 
maximized),  is  5  to  10  degrees  off  the  angle  that  represents  the 
baseline  direction. 


Figure  2:  Correlations  (*  represents  measurements  from  the 
Santa  Cruz  site  at  various  angles  and  +  the  same  for  the  Moss 
Landing  site)  and  RMS  differences  (solid  line  represents  Santa 
Cruz  measurements)  for  CODAR  time  series  data  from  the  two 
sites.  Angles  shown  represent  the  angle  steered  from  the  base¬ 
line  direction  for  the  corresponding  site,  positive  is  clockwise. 

OSCR  Baseline  Comparisons 

Baseline  tests  were  performed  on  the  OSCR  data  for  the  two 
days  during  which  both  OSCR  sites  operated  without  interfer¬ 
ence  from  the  nearby  CODAR  systems  (May  6  -  May  8,  1995). 
Analysis  was  done  by  first  fixing  points  at  which  the  Santa  Cruz 
site  collected  radials  along  the  baseline.  Correlations  and  RMS 
differences  were  then  computed  for  time  series  collected  from 
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the  Moss  Landing  OSCR  from  points  that  lie  on  the  same  range 
but  at  different  angles  from  the  baseline.  This  was  done  for  all 
of  the  points  along  the  baseline.  This  process  was  then  repeated 
by  fixing  points  along  the  baseline  at  which  the  Moss  Land¬ 
ing  OSCR  collected  radials  and  steering  the  Santa  Cruz  site  off 
the  baseline.  Resulting  correlations  and  RMS  differences  as  a 
function  of  look  angle,  when  averaged  over  all  points  at  all  the 
ranges,  are  shown  in  Figure  3.  Some  of  the  most  striking  fea¬ 
tures  of  this  analysis  for  the  OSCR  radials  are  that  the  minimum 
RMS  difference  is  about  6  cm/s,  which  is  nearly  the  same  as 
one  would  expect  the  measurements  to  be  based  on  the  statistics 
of  HF  scatter  [9,  10]. 


Figure  3:  Same  as  Figure  2,  except  for  OSCR  units  at  Santa 
Cruz  and  Moss  Landing.  Observe  the  lower  RMS  differences 
between  the  sites,  but  the  much  larger  difference  in  the  perceived 
and  actual  baseline  angle  than  with  the  CODARs.  Also,  observe 
the  well-defined  maximum  and  then  significant  decrease  in  the 
RMS  difference  vs.  angle.  This  may  be  attributable  to  sidelobe 
effects. 

Similarly,  for  the  OSCR  data,  the  maximum  correlations  are 
over  90%,  which  is  ideally  what  one  would  expect  to  see  along 
the  baseline  between  the  two  HF  systems.  The  optimal  values, 
however,  do  not  occur  at  the  baseline  angle,  but,  at  about  35 
degrees  south  of  the  baseline  (for  the  Moss  Landing  site)  and 
about  20  degrees  north  of  the  baseline  angle  for  the  Santa  Cruz 
site.  Furthermore,  unlike  the  CODAR,  the  values  of  the  RMS 
difference  for  the  OSCR  data  reach  maxima  30  degrees  (for 
the  Moss  Landing  site)  to  55  degrees  (for  the  Santa  Cruz  site) 
away  from  the  angle  of  minimum  RMS  difference,  and  then 
they  creep  back  down  at  further  angles.  The  correlation  shows 
a  much  less  obvious  increase  at  angles  further  from  the  baseline 
direction.  The  non-monotonic  behavior  of  the  RMS  difference 
is  a  concern,  since  it  is  very  unlikely  that  the  radial  ocean  surface 
currents  themselves  exhibit  coherence  in  the  pattern  depicted  by 
Figure  3.  A  likely  candidate  for  these  effects,  therefore,  is  that 


they  are  system  generated  and  possibly  related  to  the  sidelobes 
and  nulls  in  the  array  patterns  of  the  master  and  slave  sites. 
The  angle  between  the  minimum  RMS  difference  and  the  peak 
of  the  RMS  difference  is  larger  for  the  Santa  Cruz  site,  which 
is  consistent  with  the  fact  that  the  distance  between  nulls  in 
the  antenna  pattern  will  be  larger,  since  the  phased  array  at 
Santa  Cruz  was  shorter  than  the  phased  array  at  Moss  Landing. 
Ideally,  such  effects  would  have  been  characterized  during  this 
experiment  by  conducting  transponder  runs,  however,  this  was 
not  possible  during  the  short  demonstration  period  of  the  OSCR 
system. 

The  apparent  offsets  of  20  and  35  degrees  for  the  Moss  Land¬ 
ing  and  Santa  Cruz  sites  in  the  minimum  RMS  difference  and 
the  maximum  correlation  are  potentially  caused  by  alignment 
errors  in  the  setup  of  the  OSCR  Santa  Cruz  and/or  Moss  Land¬ 
ing  phased  arrays,  or  they  could  have  been  caused  by  distortion 
in  the  array  patterns  themselves.  Such  effects  could  also  be 
characterized  by  transponder  runs  at  the  outset  of  the  experi¬ 
ment. 

CODAR  and  OSCR  Baseline  Comparisons 

One  day  of  overlap  occurred  when  valid  data  from  the  Point 
Pinos  CODAR  was  collected  and  processed  during  the  OSCR 
demo.  For  this  day,  radials  from  the  CODAR  were  generated 
along  the  baseline  that  joins  Point  Pinos  and  Santa  Cruz.  There 
were  a  total  of  108  samples  of  overlapping  coverage  between 
the  two  systems.  The  RMS  difference  between  the  CODAR 
and  OSCR  along  the  baseline  was  10  cm/s  and  the  correlation 
coefficient  was  0.69,  which  is  significant  above  the  95%  con¬ 
fidence  level.  This  result  is  consistent  with  the  OSCR-OSCR 
and  CODAR-CODAR  comparisons  in  that  it  is  intermediate 
between  the  values  determined  in  those  cases. 

ADCP  TO  HF  RADAR  COMPARISONS 

An  acoustic  Doppler  current  profiler  (ADCP)  deployed  on 
board  MBARI’s  Ml  buoy  was  located  within  the  beam  coverage 
of  both  the  OSCRs  and  the  CODARs.  This  provided  some  in 
situ  ocean  current  data  (though  at  about  a  9  meter  depth)  to 
compare  to  the  radars.  Correlations  of  the  OSCR  radials  from 
the  Santa  Cruz  and  Moss  Landing  sites  over  the  two  days  from 
May  6,  1995  to  May  8,  1995  yielded  0.72  for  the  Santa  Cruz 
site  and  0.58  for  the  Moss  Landing  site.  This  may  be  compared 
with  the  correlation  of  the  u-  and  v-  components  of  the  ocean 
current  vectors  derived  from  CODAR  radials  correlated  to  the 
u-  and  V-  components  of  the  ocean  current  collected  from  the 
ADCP.  These  yielded  a  correlation  coefficient  of  0.40  for  the 
u-components  and  0.66  for  the  v-components  [8].  Note  that  the 
difference  between  these  two  comparisons  is  (1)  their  temporal 
extent  and  (2)  the  formation  (and  reduction)  of  HF  ocean  current 
vectors  in  the  CODAR  case  and  direct  use  of  radials  in  the 
OSCR  case.  All  of  these  results  are  significant  above  the  95% 
confidence  level. 

RMS  differences  were  calculated  about  the  linear  regression 
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of  the  CODAR  u-  and  v-  components  to  the  ADCP  u-  and  v- 
components.  In  this  case,  they  were  found  to  be  8.5  cm/s  for 
the  u-component  and  9.5  cm/s  for  the  v-component  [8].  Similar 
RMS  errors  were  computed  for  the  OSCR  Santa  Cruz  and  Moss 
Landing  data  and  the  radial  component  of  the  ADCP  currents 
extracted  in  the  direction  of  the  corresponding  OSCR  site.  In 
this  case,  the  RMS  errors  for  the  regression  were  found  to  be  5.7 
cm/s  for  the  Santa  Cruz  site  and  6.4  cm/s  for  the  Moss  Landing 
site.  These  results  appear  to  be  consistent  with  the  smaller  errors 
associated  with  the  baseline  comparisons  of  the  OSCR  units. 

CONCLUSIONS 

Measurements  of  CODAR/SeaSonde  and  OSCR  data  made 
in  Monterey  Bay  as  part  of  the  UCSC  REINAS  project  provided 
some  interesting  results  concerning  the  operation  of  both  types 
of  HF  radar.  The  baseline  RMS  differences  associated  with 
the  OSCR  units  were  typically  quite  low  (about  5  -  6  cm/s), 
which  is  approximately  the  stated  accuracy  of  radial  current 
measurements  with  these  units.  On  the  other  hand,  the  apparent 
skewed  baseline  direction  for  the  OSCR  units  at  Santa  Cruz 
and  Moss  Landing  as  well  as  the  reduction  in  the  RMS  dif¬ 
ferences  between  measurements  from  the  sites  as  the  sites  are 
steered  far  off  the  baseline  direction,  indicate  problems  often 
associated  with  phased  array  systems,  such  as  phase  steering 
inaccuracies  at  both  sites,  antenna  pattern  distortions,  or  else 
simply  misaligned  arrays.  Transponder  measurements  would 
have  detected  such  difficulties  at  the  outset  and  are  highly  rec¬ 
ommended  for  future  data  collection  with  these  systems. 

CODAR/SeaSonde  measurements  made  over  a  several  month 
period  showed  lower  correlations  and  higher  RMS  differences 
between  baseline  pairs  than  were  found  for  the  short-term  OSCR 
data.  These  values  are  higher  than  would  have  been  anticipated 
based  on  the  expected  accuracy  of  the  system.  The  differences, 
however,  were  fairly  monotonic  and  typically  increased  with 
angle  away  from  their  peak  values,  but  the  best  correlations  and 
lowest  RMS  differences  were  observed  slightly  offf  the  baseline, 
again  indicating  possible  antenna  problems. 

ADCP  runs  and  OSCR-CODAR  comparisons  all  supported 
the  conclusions  stated  above  regarding  the  accuracy  of  both 
systems.  Although  the  baseline  differences  were  lower  for  the 
OSCR  than  for  the  CODAR,  the  length  required  for  the  OSCR 
array  makes  it  less  feasible  in  many  coastal  situations  where 
current  measurements  are  desired.  For  this  reason,  it  is  also  im¬ 
portant  to  improve  the  direction  finding  algorithms  used  by  the 
CODAR  to  assess  bearing  for  individual  current  measurements 
extracted  from  the  data. 
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Abstract.  Scientists  are  devoting  a  lot  of  energy  to  monitor 
and  to  assess  the  impact  of  fires  and  to  mesure  the  evolution 
on  land  cover  in  tropical  savannas.  A  key  element  in  a 
monitoring  system  is  the  land  cover  changes  analysis  tool. 
While  some  land  cover  changes  are  caused  by  natural 
processes,  such  as  long  term  changes  of  the  climate  or 
shorter-term  vegetation  successions,  human  activity  modifies 
surface  cover  through  direct  actions,  such  as  deforestation, 
farming  activities,  or  indirectly,  through  man-induced 
climatic  change. 

This  paper  presents  a  method  that  applies  Principal 
Components  Analysis  for  land-cover  change  detection  with 
multitemporal  SPOT  data. 

INTRODUCTION 

The  purpose  of  principal  components  analysis  (PCA)  is  to 
define  the  number  of  dimensions  presents  in  a  data  set  and  to 
fix  the  coefficients  which  specify  the  positions  of  the  set  of 
uncorrelated  orthogonal  axes  which  point  in  the  directions  of 
greatest  variability  in  the  data.  The  first  principal  component 
accounts  for  the  maximum  possible  proportion  of  the 
variance  of  the  original  data  set,  and  succeeding  components 
account  for  decreasing  proportions  of  the  unexplained 
residual  variance. 

When  the  transformation  coefficients  are  developed  by 
computing  the  principal  eigenvectors  of  the 
variance/covariance  matrix  we  refer  to  a  Unstandardized 
PCA  (UnS-PCA).  When  the  eigenvectors  are  computed  from 
the  correlation  matrix  we  refer  to  a  Standardized  PCA  (S- 
PCA). 

From  the  80’ s  authors  have  applied  PCA  to  the  problem  of 
detecting  and  classifying  temporal  changes  in  remotely 
sensed  imagery.  Byrne  and  Crapper  use  in  their  work  two 
four-channel  Landsat  MSS  scenes  of  the  same  area,  and 
different  date.  They  propose  in  [1]  to  use  UnS-PCA  for 
decomposing  the  four-plus-four  correlated  MSS  channels  into 
eight  orthogonal  axes.  UnS-PCA  of  this  array  resulted  in  the 
gross  differences  associated  with  overall  radiation  and 
atmospheric  changes  appearing  in  the  low  order  component 
images  and  statiscally  minor  changes  associated  with  local 
changes  in  land  cover  appearing  in  the  higher  order,  the  third, 


fourth  and  fifth  component  images.  This  is  a  direct  outcome 
of  the  high  correlation  that  exists  between  dates  for  regions 
that  are  relatively  constant  and  the  low  correlation  associated 
with  regions  that  are  quite  different  on  time. 

Richards  in  [6]  uses  UnS-PCA  to  detect  regions  of 
localized  change  associated  with  bushfire  damage  and  with 
vegetation  regrowth  following  fire  burns.  He  uses  the  same 
method  that  [1]  but  applies  a  classification  procedure  to  the 
higher  components.  Ingebritsen  and  Lyon  [4]  showed  that  the 
method  proposed  by  [1]  often  leads  to  specific  types  of 
change  related  PC,  which  they  referred  to  as  ‘Abrightness’ 
and  ‘Agreenness’  in  analogy  to  Kauth  and  Thomas 
‘brightness’  and  ‘greenness’  indices. 

Fung  and  LeDrew  examine  in  [2]  the  effect  of  using  a  UnS- 
PCA  versus  UnS-PCA  approach  on  total  area  and  subset  area 
data.  As  in  [1]  and[6]  they  use  a  single  8-channel  as  input. 
They  found  that  S-PCA  provides  more  accurate  information 
for  change  detection  that  the  UnS-PCA  approach.  They  noted 
also  that  PCA  is  a  scene  dependant  technique.  Gong  in  [3], 
instead  of  applying  UnS-PCA  to  a  merged  data  set  of  original 
multispectral  images,  apply  this  transformation  to  difference 
band  pair  images.  In  this  approach,  change  information  is 
always  accumulated  in  the  low  order  principal  component 
images. 

THE  STUDY  AREA  AND  DATA  DESCRIPTION 

The  study  area  named  Carimagua  is  located  aproximately 
N  04  03’latitude  and  W  71  20’  longitude  in  the  middle  of 
East  Savannas  (Llanos  Orientales)  in  Colombia,  close  to  one 
of  the  International  Investigation  Center  in  Tropical 
Agriculture  (Cl AT)  research  sites. 

In  this  region  it  is  important  to  monitor  the  evolution  of 
different  types  of  fields,  ranging  from  natural  savannas  to 
improved  or  introduced  pastures.  It  is  also  very  important  to 
estimate  the  environmental  consequences  of  burning  natural 
savannas  during  the  hot  dry  summer  season.  Three 
multispectral  SPOT  images  (91-02-21,  91-03-20,  91-09-02) 
centered  over  CIAT-Carimagua  Research  Center  are  studied. 
However,  the  total  study  area  is  an  extracted  image  set  of 
1400  X  1000  pixel.  Also,  to  examine  the  effect  of  using  total 
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versus  subset  area  statistics,  several  sub'windows  are  chosen 
from  the  total  study  area.  Assumptions  about  atmospheric  and 
climatic  homogenity  are  maintained  for  all  images. 

SOURCES  OF  VARIANCE 

In  general,  each  image  data  set  may  be  considered  as  a  set 
of  points  ,i.e.  pixels,  in  m-dimensional  space.  The  effect  of 
change  on  the  position  of  these  pixels  in  the  m-dimensional 
space  may  be  anticipated  as  follows  [1]: 

•  Changes  in  atmospheric  conditions  might  be  expected  to 
affect  all  pixels  similarly. 

•  Changes  in  soil  humidity  would  have  a  similar  effect  but 
confined  to  those  pixels  which  represent  vegetated 
surfaces  or  bare  soil. 

•  Changes  in  land  cover  would  presumably  produce  a 
significant  change  in  the  position  of  the  relevant  pixels, 
but  these  would  be  fewer  in  number. 

Thus,  differences,  i.e.,  variance  between  the  two  images  will 
typically  be  of  two  kinds.  First,  there  are  those  that  extend 
over  a  substantial  part  of  the  scene  such  as  those  arising  from 
changes  in  atmospheric  conditions  or  soil  water  status.  These 
would  presumably  be  a  substantial  source  of  variance,  since 
they  involve  all  the  pixels.  Second,  there  are  those  that  are 
restricted  to  parts  of  the  scene  such  as  the  clearing  of  forest, 
savanna  fires,  or  agricultural  works.  Variance  in  the  latter 
category  would  be  orthogonal  to  that  of  the  first  category. 

DATA  ANALYSIS 

We  have  evaluated  all  the  approaches  presented  in  the 
introduction,  using  the  total  study  area  and  several 
subwindows.  Particularly,  we  have  chosen  to  work  with  two 
subwindows.  The  first  represents  a  natural  savanna  where  a 
scar  fire  appears  on  the  second  date.  The  second  subwindow 
is  centered  over  a  set  of  special  lots  where  the  age  and  the 
type  of  the  pastures  growing,  and  the  type  of  land  cover 
change  that  has  occured  is  known. 

It  is  well  known  that  in  temporal  change  detection  using 
PCA,  both  the  surface  proportion  and  the  magnitude  of 
changed  area  in  an  image  determine  which  principal 
component  images  will  contain  change  information. 
Rigorously  speaking  it  is  the  relative  amount  of  variance 
between  the  changed  area  and  the  unchanged  part  in  an  image 
that  determines  which  particular  PCs  contain  change 
information.  Small  magnitude  changes  may  come  out  in  low 
order  components  if  they  affect  large  areas.  Conversely,  large 
effects  may  come  out  in  high  order  components  if  they 
occupy  only  a  small  portion  of  the  analyzed  area. 

The  same  constrain  has  been  frequently  observed:  it  is 
unusual  to  know  a  priori  both,  the  magnitude  and  the  surface 


dimension  of  the  changed  area.  It  is  thus  difficult  to 
determine  which  particular  PCs  contain  change  information 
and  what  is  their  true  meaning.  Certainly,  loadings  and 
eigenvalues  give  an  idea  of  the  type  of  land  cover  change  but 
the  information  is  obviously  merged.  Only  the  approach 
presented  by  Gong  [3]  gives  a  better  result. 

The  following  method,  allows  us  to  retrieve  the  knowledge 
of  the  source  or  the  nature  of  land  cover  change. 

METHOD 

The  change  detection  procedure  proposed  can  be  described 
in  the  following  steps: 

•  Apply  standardized  principal  components  analysis  to  every 
image  band  pair,  to  obtain,  two  principal  component 
images  by  band. 

•  Apply  a  fuzzy  set  membership  function  to  all  second 
principal  component  images.  The  land  cover  change 
information  detected  by  the  corresponding  band  is 
contained  in  it.  Use  a  sigmoidal  function  centered  over  the 
mean  value  of  each  principal  component. 

•  Create  a  binary  image  choosing  a  threshold  level,  often 
close  to  the  meanvalue  of  the  image  defined  with  the 
membership  function.  The  changed  and  unchanged  areas 
coming  from  each  band  are  obtained. 

•  After  filtering  thresholded  image  with  a  median  filter, 
combine  the  relevant  change  information  into  one  image. 

•  As  the  method  allows  us  to  feedback,  the  nature  of  the 
change  can  be  derived  from  the  original  band. 


Fig  1.  Pixels  corresponding  to  unchanged  land  cover  cluster  about  an 
elongate  area  as  indicated.  Pixels  corresponding  to  change  in  land  cover 
show  a  major  departure  from  that  area. 
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Run  in  a  first  time  the  method  just  described,  over  a  large 
scene,  making  possible  to  define  some  series  of  smaller 
regions  where  a  land  cover  change  has  taken  place.  But  for 
the  principal  components  technique  to  be  useful,  it  is  also 
necessary  that  the  subscene  containing  the  change  region  of 
interest  also  includes  a  substantial  region  of  relatively  no 
change.  In  consequence,  choose  a  subwindow  with  50% 
minimum  of  no  change  zone.  Then,  repeat  the  method  over 
the  chosen  subwindow.  Each  specific  problem  will  guide  us 
choosing  the  stopping  criteria  in  the  analysis. 

RESULTS 

For  illustrating  purposes  the  same  subwindows  set 
employed  in  the  previous  data  analysis  are  chosen.  2.  In  Fig 
2  (a)  and  (b)  the  original  infrared  bands,  date  1  and  date  2, 
of  a  set  of  supervised  lots  are  shown.  The  second  principal 
component  of  infrared  image  pair  contributes  with  a  6.06% 
of  land  cover  change  information  and  the  second 
component  of  red  image  pair  contributes  with  a  4.38%. 
After  superposition,  it  is  found  that  SPOT  infrared  band 
contributes  really  with  near  of  70%  of  change  land  cover 
information  as  is  shown  in  Fig  2  (c).  It  is  due  to  the 
agricultural  nature  of  the  tested  area.  Because  the  Cl  AT  has 
provided  all  the  data  in  relation  with  the  age  and  the  type  of 
the  pastures  growing  in  supervised  lots,  it  has  been  possible 
to  verify  the  results  of  our  approach. 


Fig  2.  (a.)  and  (b.)  date  1  and  date  2  Infrared  Spot  bands  XS3.  (c.) 
combination  of  the  thresholded  second  principal  components  of  red  and 
infrared  bands,  (d.)  the  final  change  map  superposed  with  the  lots 
boundaries. 


The  final  results  are  shown  Fig  2  (d)  were  the  grid 
describing  the  boundaries  has  been  superposed. 

This  approach  has  been  integrated  with  a  change  vector 
analysis  method  [5]  into  a  Land  Cover  Change  Analysis 
Module.  The  purpose  is  to  detect,  at  spatial  and  temporal 
scale,  subtle  and  abrupt  change  types  due  to  ecological  and 
human  events  as:  floods,  forest  clearing,  accidental  or 
provocated  fires,  etc.  Two  output  formats  are  derived.  The 
first  of  these  formats  is  based  on  a  pixel  by  pixel  approach 
and  the  second  uses  a  vector  map  oriented  aproach. 

CONCLUSIONS 

Generating  and  combining  principal  components  images 
from  bands  image  pair  is  a  valid  approach  for  enhancing  and 
extracting  land  cover  change  information.  The  origin  of 
change  information  is  always  conserved  and  easily  retrieved. 
The  importance  of  mapping,  quantifying  and  monitoring 
changes  on  land-cover  in  tropical  savannas  have  been  widely 
recognized  in  the  scientific  community.  It  is  a  key  element  in 
the  study  of  global  change  that  help  us  to  conserve  natural 
resources  for  coming  generations. 

Further  research  is  needed  to  find  how  adjust  the  method  to 
detect  land-cover  change  in  not  predominantly  agricultural 
regions. 
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Abstract  -  Remote  sensing  provides  a  possibility  to 
significantly  speed-up  mapping  of  natural  resources 
and  to  establish  an  efficient  system  for  monitoring  of 
their  changes.  Resource  manages  are  now  able  to 
monitor  changes  in  vegetation  cover  and  land  use 
patterns  over  large  areas.  The  objective  of  the 
current  investigation  is  to  asses  capability  of 
multitemporal  analysis  of  LANDSAT  data  through 
comparisons  with  ground  based  observation,  to 
identify  land  cover  changes  and  monitoring 
vegetation  of  the  new  reclaimed  areas  in  the 
extension  of  the  eastern  part  of  the  Nile  Delta  of 
Egypt,  LANDSAT  MSS  and  TM  data  of  the  summer 
seasons  1976  and  1994,  respectively  were  available 
for  the  land  cover  studies.  On  the  basis  of  the 
spectral  reflectance  characteristics,  simple  ratio, 
normalized  difference  vegetation  index  and  ground 
truth  data  are  possible  to  determine  the  main 
parameters  to  monitor  the  changing  in  the 
vegetation  covers  under  the  Egyptian  condition. 
Seven  different  approaches  land  cover/land  use 
classes  are  distinguished;  three  classes  of  which  are 
for  agricultural  use,  one  class  represent  desert  and 
sandy  soils  areas,  one  class  is  for  water,  while  two 
classes  are  occupied  by  built-up  areas.  Multi¬ 
temporal  comparison  have  been  undertaken,  the 
changes  of  the  land  cover  and  land  use  patterns  are 
distinguished.  The  result  indicate  that  the  variation 
in  land  cover  reflectance  is  a  function  of  soil 
characteristics. 


INTRODUCTION 

It  is  a  fact  that  soil  resources  and  their 
management  are  the  key  factor  in  agricultural  and 
rural  development  in  Egypt.  Development  and  imp¬ 
rovement  of  agriculture  pattern  is  of  prime  import¬ 
ance  for  food  supply.  For  this  reason  it  has  been 
decided  to  execute  a  land  cover/land  use  survey  of 
the  eastern  Nile  Delta  region  outside  the  old  culti¬ 
vated  land  to  attain  thorough  information  from  this 
large  area  about  the  agriculture  development  condi- 
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tions  after  the  last  thirty  years.  Since  then  different 
governmental  authorities  apply  great  effort  in  land 
reclamation  and  put  large  areas  under  cultivation. 

Much  progress  has  been  made  in  analyzing 
land  use  and  in  classifying  land  cover  and  vegetation 
types  using  LANDSAT,  SPOT  and  AVHRR  data.  The 
level  in  detail  that  can  be  identified  and  the  accuracy 
of  such  analysis  depend  on  the  nature  of  the  region 
to  be  analyzed  as  well  as  the  spectral,  spatial, 
temporal,  and  radiometric  resolution  of  the  sensor. 
Single  and  multidate  LANDSAT  data  have  been 
used  routinely  to  classify  vegetation  community 
t3^es  with  approximately  70-90  %  accuracies,  [1]. 

The  objective  of  the  current  investigation  is 
to  assess  the  capability  of  LANDSAT  TM  data  and 
the  vegetation  indices,  through  comparisons  with 
ground  based  observation,  to  identify  land  cover 
changes  and  monitoring  vegetation  in  a  relatively 
large  area  of  the  desert  fringes  of  the  Eastern  Nile 
Delta,  Egypt. 

MATERIALS  AND  METHODS 

The  new  reclaimed  areas  in  the  extension  of 
the  eastern  part  of  the  Nile  Delta  boarded  by 
Manzala  Lake  from  the  north  and  Suez  Canal  from 
the  east  and  Ismailiya-Cairo  desert  road  from  the 
south  and  the  old  alluvial  cultivated  land  of  the  Nile 
Delta  from  the  west  have  been  selected  as  the  test 
site.  Two  LANDSAT  Multispectral  Scanner  MSS  and 
Thematic  Mapper  TM  images  of  the  summer  season 
dating  during  August  1976  and  1994  were  available 
for  this  study.  This  corresponds  to  path  176,  row  39 
in  the  LANDSAT  World  Reference  System.  The 
LANDSAT  data  are  geometrically  and  radiometri- 
cally  corrected.  EASI  (Engineering  and  Scientific 
Interface)  /  PACE  (Picture  Analysis  correction  and 
Enhancement)  PCI  software  for  image  processing 
system  in  the  Remote  Sensing  Unit  within  Soil, 
Water  and  Environment  Research  Institute, 
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Ministry  of  Agriculture  was  used  for  image 
interpretation  and  analysis.  Furthermore,  because 
multiple  images  were  needed  to  identify  ground 
features,  standard  change  detection  techniques 
which  compare  just  two  images,  were  applicable.  For 
calculating  Vegetation  Indices  the  simple  Ratio  (SR) 
of  nearinfrared  (NIR)  to  visible  portion  (red)  Eq.(l) 
and  normalized  difference  vegetation  index  Eq.(2) 
are  the  most  common  ratio  transformations  used  as 
vegetation  measurements. 

SR  =  NIR(TM4)/red(TM3) . (1) 

NDVI=IR(TM4)-IR(TM3)/NIR(TM4)+IR(TM3) . (2) 


RESULTS  AND  DISCUSSION 

A  trial  was  undertaken  to  present  the 
vegetation  cover  for  an  area  in  the  eastern  site  of  the 
Delta  using  LANDSAT  data.  According  to  definition, 
a  land  cover  type  is  a  geographer's  term  which 
denotes  a  class  describing  vegetational  natural  and 
artificial  as  well  as  constructions  covering  the  land 
surface  in  contrast  to  land  use  type,  which  refers  to 
man's  activities  which  are  directly  related  to  the 
land. 

LANDSAT  are  composed  of  a  mosaic  of  land 
cover  units,  shaped  by  differences  in  topography, 
microclimate,  substrate  characteristics,  and  distur¬ 
bance  or  management  history.  Remote  sensing  have 
proved  to  be  a  fundamental  research  tool  for  the 
landscapes  and  land  cover.  The  LANDSAT  MSS  data 
illustrated  and  identified  the  land  forms  in  the  study 
area,  the  vegetation  cover  for  the  eastern  desert 
fringes  of  the  Nile  Delta  which  are  the  old  alluvial 
cultivated  land  and  very  few  of  scattered  vegetated 
areas  adjacent  at  Ismailya  Canal.  Most  of  the  land 
use  /  land  cover  areas  are  desert  nature.  Fig.  1. 

The  presented  digital  land  cover  study  based 
on  recent  LANDSAT  TM  data  and  the  change 
detection  of  TM  &  MSS  acquired  over  the  eastern 
part  of  the  Nile  Delta  of  Egypt,  the  change  detection 
for  TM  and  MSS  which  was  processed  to  determine 
the  possibilities  of  applying  data  for  land  cover 
study.  The  processing  data  is  based  on  the  limited 
ground  truth  data,  which  represent  the  main 
summer  field  crops  which  were  planted  in  1994 
namely  corn,  cotton,  rice,  peanuts,  sunflowers,  fruits 
and  vegetables,  in  addition  to  the  desert  area  in  the 


Fig.l:  LANDSAT  MSS  data  for  1976. 


eastern  site;  water,  urban  and  industrial  areas. 

On  the  basis  of  the  spectral  characteristics, 
the  magnitude  of  the  sum  of  reflectance  of  the 
electromagnetic  radiance  in  all  TM  channels,  ratios 
(SR  and  NDVI)  and  ground  truth  data,  it  is  possible 
to  determine  some  parameters  to  identify  the 
vegetation  cover;  namely,  green  vegetation,  density 
of  the  vegetation,  chlorophyll  content,  phenological 
stages  of  plant,  soil  moisture,  to  identify 
non-vegetated  and  water  areas  and  the  degree  with 
which  the  spectral  contribution  of  non-vegetation 
components  (soil)  and  canopy  leaf  area..  Each  Land 
cover  type  or  class  is  characterized  by  its  own 
characteristic  signature,  which  may  be  sufficient  to 
be  identified.  However,  the  shapes  assumed  by  a 
t5q)e  or  class  may  be  also  necessary  for  the 
identification.  As  a  result  of  the  above  discussion 
and  after  detected  the  changes  between  the  data 
dated  in  1976  and  1994,  four  main  land  cover  types 
have  been  separated.  Fig.  2: 

1.  Water:  Suez  Canal  has  salty  water,  while 
Ismailiya  Canal  and  El-Saidia  Canal  are  the  main 
canal  having  their  water  from  Nile  Damietta  Branch 
for  irrigating  the  old  cultivated  land.  Ismailiya 
Canal  as  the  main  Canal  in  the  middle  of  the 
investigated  area. 

2,  Built-up  areas:  These  classes  have  been 
discriminated  within  this  group  showing  medium  to 
low  values  of  NDVI.  Which  could  be  separated  into  : 

a)  Urban  areas:  representing  the  cities  and  villages 
distributed  within  the  eastern  part  of  old  cultivated 
land. 

b)  Industrial  areas:  represented  by  the  city  of 
Tenth  of  Ramadan  in  the  Eastern  Desert  having  also 
medium  values  of  NDVI. 
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Fig.2:  LANDSAT  TM  data  for  1994. 


c)  Roads:  Ismailiya-  Cairo  Desert  Road. 

3.  Desert  and  Sandy  Soils  Areas:  They  show 
different  values  of  spectral  signatures;  the  highest  is 
represented  by  the  main  wadis  around  the  city  of 
Tenth  of  Ramadan  El-Gafra  plain  and  the  big  wadi 
which  is  divided  by  Ismailiya  Cairo  desert  road.  The 
rest  of  the  desert  areas  having  medium  values  of 
magnitude;  this  is  mainly  due  to  the  different  size 
and  colour  of  gravel  and  sand  which  could  be 
considered  the  main  factor  responsible  for  their 
spectral  signature. 

4.  Agricultural  Areas:  Remote  sensing  of 
agricultural  and  other  resources  involves  the 
detection  of  electromagnetic  energy  that  is  reflected 
or  emitted  from  the  complex  assemblage  of 
biological,  geological  and  hydrological  features  at  the 
earth’s  surface.  The  differences  in  their  reflectivity 
allow  discrimination  of  plant  species  or  vegetation 
t5^es  which  can  be  traced  due  to  their  leaf  and 
canopy  characteristics. 

NDVI  ratio  has  been  considered  to  be  more 
sensitive  to  low  vegetation  cover  to  detect  and 
separate  green  vegetation  and  to  monitor  its  changes 
than  the  Simple  Ratio  SR  which  is  relatively  less 
sensitive  to  sparse  vegetation,  [2].  The  NDVI  is  a 
bounded  ratio  with  values  between  1.0  and  +  1.0 
over  land  surfaces.  The  negative  value  of  NDVI  is 
mainly  due  to  the  very  low  vegetation  densities  the 
composite  reflectance  almost  the  soil  background 
(the  red  reflectance  from  soil  may  be  greater  than 
the  nearinfrared  reflectance),  [3] ,  The  agricultural 
areas  have  been  distinguished  and  separated  to: 


a)  Old  cultivated  land:  which  has  a  darker  green 
colour,  characterized  by  high  NDVI  values.  The 
summer  field  crops  which  were  grown  in  this  area 
during  1994  :  cotton, corn,  rice,  soybean,  sunflower, 
vegetables  and  fruits. 

b)  New  extension  areas:  represent  the  adjacent 
areas  to  the  old  land  as  well  as  the  scattered  areas  in 
the  Eastern  Desert  showing  light  green  colour  and 
are  characterized  by  low  to  medium  NDVI  values. 
The  summer  field  crops  which  were  grown  in  these 
areas  are  peanut,  corn,  cotton,  sunflower,  vegetables 
and  fruits. 

c)  The  center  Pivot  areas:  which  represents 
El-Shabab  and  El-Salhia  areas  and  some  scattered 
pivot  in  the  Eastern  Desert,  showing  different  green 
and  yellow  tones  colour  (light  and  dark).  This  is 
mainly  due  to  the  different  values  of  NDVI  (low  to 
high)  according  to  the  plant  condition  and  the  pheno- 
logical  stage  of  the  plant.  The  main  field  crops  which 
were  grown  in  1994  under  the  pivot  system  were 
corn,  sunflower,  peanut,  vegetables,  and  fruits;  in 
between  the  center  pivot  Guava  trees  were  planted. 

Generally,  it  could  be  said  in  this  concern 
that  NDVI  is  a  suitable  measure  for  land  cover 
assessment  and  monitoring  under  the  Eg3^tian 
conditions.  The  satellite  data  provide  us  with  a 
quantitative  assessment  of  the  percentage  of 
vegetation  within  a  heterogeneous  pixel  assuming 
similar  soil  brightness  and  spectral  conditions. 
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AbsUact-  The  aim  of  the  study  is  to  develop  inversion  methods 
for  spaceborne  SAR  images  of  the  boreal  forests.  The  pa- 
nuneters  of  interest  tire  stem  volume  (biomass),  forest  and 
hind-cover  types,  soil  and  vegetation  moisture.  The  previously 
developed  forest  stem  volume/soil  moisture  retrieval  algorithm 
was  tested  by  producing  soil  moisture  maps  for  hirge  test  tueas. 
The  textural  information  of  a  seasonal  set  of  ERS-1  SAR 
images  was  studied  with  the  first  and  second  order  statistical 
measures.  These  measures  had  a  higher  information  vtUue  than 
intensity  vjilues  (or  their  principal  components)  for  the  forest 
tind  Ituid  type  classification.  The  multitemporal  approach  was 
beneficial  for  the  application  of  textural  measures  tind  the 
textural  parameters  significantly  improved  the  classification  of 
l:uid-use  and  forest  types. 

INTRODUCTION 

We  tU'e  developing  inversion  methods  for  spaceborne  SAR 
images  of  the  boreal  forests.  The  ptuameters  of  interest  tue  stem 
volume  (biomtLSs),  forest  and  hind-cover  types,  soil  and 
vegetation  moisture.  Previous  .studies  have  shown  that  setisonal 
effects  in  boreal  forests  (such  as  soil  freezing  and  thawing, 
snow  cover  and  soil  wetness)  may  drjistically  change  the  level 
of  the  total  backscatter.  Nevertheless,  these  seasonal  effects 
may  benefit  the  inversion  if  suitable  methods  tue  used  with  a 
multitemporal  data  set. 

The  effect  of  soil  and  forest  ctinopy  moisture  on  the  backs- 
cattering  coefficient  is  higher  than  that  of  the  forest  biomass  at 
the  C-btuid  [1,2].  Hence,  the  applicability  of  ERS-1  SAR  for 
soil  moisture  mapping  is  investigated  in  this  paper. 

Pievious  studies  [3]  have  shown  that  water,  bogs  and  forested 
tireas  ctin  be  septirated  from  multitemporal  ERS- 1  SAR  images. 
A  set  of  ERS-1  SAR  images  (intensity)  was  compressed  with 
the  principal  component  analysis  from  which  the  first  three 
components  were  used  in  the  classification.  Now,  the  texture 
of  the  multitemporal  SAR  dtita  set  is  explored  to  improve  the 
land-use  and  forest  type  classification. 

SAR  DATA  AND  GROUND  TRUTH 

Over  40  ERS-1  and  7  JERS-1  SAR  images  ttfe  acquired  for 
two  test  sites  in  Finland.  The  northern  test  site  is  in  Finnish 
Lapland  (Sodtinkyla)  while  the  other  test  site  is  in  southern 
Finland  (Porvoo). 


The  Sodtmkyla  test  site  (centre  coordinates  N67°  dl’N;  E26” 
58’)  consists  of  sparsely  forested  areas  where  the  average  stem 
volume  is  only  about  50  m^ha.  National  Board  of  Survey  has 
provided  a  digital  land-use  map  of  the  area  which  has  23 
h'lnd-use  classes.  The  forest  information  of  the  Ituid-use  map 
was  complemented  with  a  timber  volume  map  produced  by 
Finnish  Forest  Resetach  Institute.  In  Sodankyla  the  main  forest 
types  are  pine,  mire  and  mixed  while  open  aretis  consist  of  bogs, 
hikes  and  clear-cuts.  The  total  size  of  the  Sod:mkyla  test  site  is 
1600  kml 

The  size  of  the  Porvoo  test  site  is  5000  km^  (centre  coordinates 
N60’  30’;  E25”  30’).  The  laea  includes  vtirious  hind  classes: 
forests,  mires,  fields,  urban  taetis  and  water  tmjas.  The  forests 
jire  conifer-dominated  mixed  forests.  The  most  usutd  species 
are  Norwegitin  spruce  and  Scots  pine.  The  overall  relief  is  low 
(elevation  well  below  100  m),  but  not  flat  (sm:ill  hills  are  usual). 
The  Porvoo  test  area  reference  data  include  National  Forest 
Inventory  (NFI)  sample  plot  chtiracteristics,  ground-based 
forest  shind  data  for  selected  test  sites,  LANDS  AT  TM-based 
hind  use  map  and  stem  volume  estimates,  in  situ  soil  moisture 
metisurements  in  selected  tiretis,  and  dtiily  hydrologictd  mo- 
del-based  soil  moisture  estimates  covering  the  whole  Porvoo 
area. 

METHODOLOGY 

Soil  and  vegetation  nunsture  estimation 
The  estimation  of  soil  moisture  is  ctirried  out  by  employing  tm 
inversion  algorithm  for  ERS-1  SAR  daUi.  The  retrieved  algo¬ 
rithm  is  based  on  the  previously  developed  semi-empirictd 
forest  backscattering  model  that  describes  the  backscattering 
coefficient  as  a  function  of  stem  volume  (biomtiss),  soil 
moisture  and  forest  ctuiopy  moisture.  The  algorithm  requires 
the  use  of  pixel-  or  forest  shmd-wise  stem  volume  dam 
(LANDS  AT  TM-based  stem  volume  estimates  were  used  in 
this  study).  The  algorithm  fits  the  forest  backscattering  model 
into  ERS-1  SAR  results  obmined  for  a  cermin  forest  district 
tind  the  outcome  is  the  estimate  for  the  average  soil  moisture 
tind  the  average  vegetation  (forest  ctinopy)  moisture.  In  this 
study,  the  estimates  were  ctdculated  for  a  1  km  by  1  km  grid 
covering  a  40  km  by  50  km  subtirea  of  the  Porvoo  test  .aea.  In 
near  future,  a  simihir  method  is  tested  with  JERS-1  SAR  data 
for  biom.'iss  retrievtd. 
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Land  and  forest  type  Classification 
The  fii'st  and  the  second  order  texture  statistics  ttre  explored  to 
define  the  textural  information  in  the  multitemporal  SAR 
images.  The  first  order  statistics  (such  as  metin  and  vtiriation) 
describe  the  probability  density  function  of  a  loctil  set  of  pixels. 
The  second  order  statistics  (such  as  the  autocon'elation  fun¬ 
ction)  describe  the  relationships  between  a  pixel  and  its 
neighbours  [4]. 

In  this  paper  the  coefficient  of  valuation  (CV)  is  used  as  the 
measuie  for  the  first  order  statistics: 

CV= - —  (1) 

mean,„cai 

The  loctd  STDs  and  metins  me  ctilculated  with  a  moving 
window  (7  by  7  pixels  was  used  for  results  presented  in  this 
paper). 

Due  to  practical  reasons,  the  second  order  texture  statistics  m'e 
calculated  from  normtdized  gray-level  co-occuirence  (GLC) 
matrices  [5]  and  not  from  autocoirelation  functions.  The 
following  second  order  texture  measures  were  used  [5]: 


I 

II 

(2) 

Inverse  Moment  =  S  ,  ,  .  .  , 

l  +  h-7  1 

(3) 

Maximum  Probability  =  max  p.^ 

(4) 

Uniformity  =  L  pfj 

(5) 

where  p^  me  probability  vtdues  of  a  GLC-matrix.  The  loctd 
GLC-matrices  tu*e  ctdculated  with  a  moving  window  (7  by  7 
pixels  was  used  for  results  presented  in  this  paper). 

The  sepmmbility  of  different  l^ind-use  and  forest  type  classes 
was  studied  with  Jeffries-Matusita  (JM)  Distance  [6].  The 
distance  predicts  the  results  of  a  maximum  likelihood  classi¬ 
fication.  JM-distance  is  sctded  between  0  and  1414  and  a 
distance  of  zero  metins  that  the  signatui'es  ai‘e  insepm'able.  The 
maximum  likelihood  decision  rule  was  used  in  the  test  classi¬ 
fications. 

RESULTS  AND  DISCUSSION 

Soil  and  vegetation  moisture  estimation 
The  soil  moisture  estimates,  as  well  as  the  forest  ctinopy 
moisture  estimates,  were  determined  for  a  40  km  by  50  km 
subm'ea  of  the  Porvoo  test  tu'ea  for  four  dates  (summer  1993). 
The  estimates  were  determined  for  a  1  km  by  1  km  grid  (the 
hycLologictil  model-based  soil  moistui*e  maps  m*e  also  available 
for  a  1  km  by  1  km  grid  size).  The  coinpm'ison  of  ERS-1 
SAR-based  estimates  with  the  reference  predictions  is  not  yet 
performed. 

Land  and  Forest  type  Classification 
The  land  type  classification  was  ffrst  studied  with  the  So- 
dtinkyla  data  set  (till  the  results  below  me  for  that  test  site).  A 
set  of  eight  ERS-1  SAR  (PRI)  images  were  picked  from  the  set 
of 


23  ERS- 1  images  to  present  the  seasonal  vmiation.  Two  smellier 
test  metis  (about  20  km^  each)  were  selected  for  the  experiment. 
For  these  test  turetis  following  images  products  were  ctilculated 
from  each  SAR  image,  1)  Piincipal  components,  2)  Coefficient 
of  Vtuiance  (CV),  3)  Contrast,  4)  Inverse  Moment,  5)  Maxi¬ 
mum  Probability  and  6)  Uniformity  images. 

In  general,  there  was  a  Imge  setisonal  vtaiation  in  the  textural 
images  and  the  correlation  was  low  between  images  of  same 
type  from  different  times.  Table  1.  Shows  the  average  of 
coiTelation  (from  the  8  different  dates)  between  the  different 
images  types.  Correlation  is  low  between  intensity,  CV  and  the 
second  order  statistical  images,  which  predicts  that  these 
metis ui‘es  tire  differently  related  to  the  ttaget  tireti.  Nevertheless, 
some  relatively  high  coiTcIations  me  found  among  the  second 
order  statistical  images  which  was  expected. 

The  septirability  of  different  Itind-use  classes  was  studied  with 
the  test  ttrea  1.  The  amount  of  Itmd  use  classes  was  reduced  to 
10  (see  Table  2,  exclude  Urbtin  tu*ea).  JM-distances  were 
calculated  between  all  class  ptiirs  (45)  for  each  image  (intensity, 
CV,  contrast,  inv.  Moment,  max.  probability  and  uniformity) 
from  each  date.  Figures  1  and  2  show  the  metin  sepmabilities 
of  the  45  pmrs  for  each  date  and  measure.  In  general,  the 
septu'ability  is  very  sensitive  for  the  seasonal  factors  like  snow 
tind  moisture.  In  mid-winter  all  the  measures  have  the  lowest 
sepmability  when  there  was  about  80  cm  of  dry  snow.  Mo¬ 
reover,  the  order  of  the  second  order  measures  is  reversed  in 
mid-winter.  Uniformity  and  inverse  moment  have  also  huge 
changes  between  the  summer  and  frill  images  when  the  soil 
moisture  changed.  In  most  cases  intensity  had  the  lowest 
septaability  while  uniformity  had  the  highest.  In  both  Figures 
1  and  2,  the  top  line  shows  the  septaability  when  all  the 
measures  me  used  together. 

All  the  textural  images  (40)  and  the  ffrst  three  principal 
component  images  were  merged  into  an  image  which  had  43 
layer.  The  benefit  of  combining  the  data  from  different  dates 
was  studied  with  this  image.  Figure  3  shows  the  metin  (of  10 
classes  =  45  pmrs),  maximum  and  minimum  sepmability  as  a 
function  of  channels  (layers)  used.  In  each  case  of  Figure  3,  the 
set  of  layer  was  selected  so  that  it  gives  the  maximum  inetui 
sepmability.  The  results  of  Figures  1 ,  2  and  3  confinn  that 
textural  pmameters  have  a  significmt  effect  on  the  sepmability 
tind  the  multitemporal  approach  even  increases  their  useful¬ 
ness. 

The  classification  accuracy  was  tested  with  both  test  meas.  Ten 
(mea  1)  and  eleven  (taea  2)  signatures  were  taught  with  20  % 
of  pixels  and  the  remtiining  pixels  were  classified.  All  textural 
measures  and  the  first  thi'ee  principal  component  (a  tottil  43 
channels)  were  used.  The  overall  accuracy  for  the  test  mea  1 
was  65  %  and  that  for  the  test  mea  2  was  48  %,  respectively. 
The  results  for  test  mea  2  m  e  summmized  in  a  confusion  matrix 
in  Table  2.  Five  classes  (water,  urbtin  mea,  Bme  mounttiin  top. 
Forested  bog  and  mixed  forest)  had  an  accuracy  of  over  90  %. 
Agricultunil  Ittnd,  clem  -cut,  pine  and  deciduous  had  the  lowest 
accuracies.  Some  agricultunil  meas  were  classified  into  pine, 
deciduous  or  clem-cut.  All  agricultural  metis  of  the  Ituid-use 
map  me  not  in  active  cultivation.  In  this  class  there  me  meadows 
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Table  1.  Average  conelation  coefficients  between  intensity  and  textural  me^Lsures. 


CV 

Contrast 

Inverse 

Moment 

Maximum 

Probability 

Unifonnity 

Intensity 

-0.10 

0.30 

-0.32 

-0.24 

-0.25 

CV 

0.29 

0.05 

0.19 

0.09 

Contrast 

-0.73 

-0.38 

-0.46 

Inv,  Moment 

0.76 

0.79 

Max  Probability 

0.92 

Table  2.  Confusion  matrix  for  bind-use  and  forest  type  classification  of  test  £irea  2  in  Sod^inkyla.  The  rows  present  the 

results  of  the  classification  in  percent  and  the  columns  me  from  the  huid-use  map. 


Water 

Urban 

area 

Bare 

Mountain 

top 

Gravel 

Agri¬ 
cut  Ural 
land 

Clear-cut 

Gpen  bog 

Forested 

bog 

Pine 

Deciduou.s 

Mixed 

Water 

90 

0 

0 

0.7 

2.7 

0.9 

0 

0 

2.8 

0.7 

0 

Url^an  area 

0.4 

86 

0 

0 

1.0 

0 

0 

0 

0.1 

0.2 

0 

Bare 

mountain  top 

0 

0 

96 

7.1 

3.3 

1.8 

0.5 

0.1 

B 

1.7 

0 

(travel 

0.2 

0 

0.6 

77 

8.5 

1.7 

0.2 

0 

1.8 

0.1 

0 

Agricultural 

land 

B 

0 

0 

0.2 

31 

1.7 

■ 

0 

1.6 

0.9 

0 

Clear-cut 

2.0 

3.6 

0 

B 

13 

31 

■ 

1.3 

4.6 

2.7 

0 

Open  bog 

0.3 

0 

0.6 

3.4 

8.5 

12 

78 

4.7 

B 

12 

0 

Forested  bog 

0 

0 

2.3 

2.6 

3.0 

25 

12 

90 

16 

20 

4.2 

F5ne 

1.3 

8.0 

0 

13 

12 

2.6 

0.8 

33 

11 

0.8 

Deciduous 

2.7 

2.2 

0.2 

2.3 

16 

13 

3.3 

2.5 

17 

46 

0.4 

Mixed 

0 

0 

0 

0.2 

0 

0.9 

0.6 

0.2 

7.1 

4.0 

B 

Total  of 
samples 

1144 

138 

649 

1327 

1536 

3529 

2834 

2044 

15687 

4759 

474 

which  grow  bushes  and  sm?dl  trees  which  may  pc'irtially  cause 
the  eiTors.  Clear-cuts  were  found  in  right  places,  but  they  were 
smtiller  than  in  the  hind-use  map.  It  c?in  be  expected  that  new 
forest  is  alieady  growing  in  these  ^ireas.  The  eiTors  of  pine  and 
deciduous  classes  were  mainly  with  other  forest  classes.  Some 
of  these  en  ors  may  due  to  the  fact  that  all  the  forests  in  the  ?irea 
tu'e  natural  and  they  consist  of  sevenil  species  to  some  extend. 

CONCLUSIONS 

The  previous  work  has  shown  that  ERS-1  SAR  has  a  consi¬ 
derable  potenti?d  in  the  soil  moisture  retrieved  [1,2].  This  aspect 
was  further  continued  in  this  investigation  by  producing  ERS- 1 
SAR-based  soil  moistuie  maps. 


Due  to  resmnpling  and  averaging,  ERS-1  PRI  images  tire 
expected  to  have  a  low  textural  information.  Nevertheless,  the 
application  of  textural  ptuameters  significtintly  improved  the 
classification  of  Itind-use  and  forest  types.  If  only  one  image 
was  used  at  a  time,  the  textural  and/or  intensity  information 
was  not  adequate  for  a  satisfactory  classification.  However,  the 
multitemporal  approach  was  beneficial  especially  for  the 
textural  measures.  Thus,  encouraging  classification  results 
were  achieved. 
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Separability  of  land  cover  types 
with  intensity  and  CV 


Date 


Intensity  CV  All  together 

All  iciriftiliftt  =  inisinaiy.  CV.  Conitasl. 

Inv  Mpmtini.  Max  RohaLitltiy  and  Linilaimfly 

Figure  1.  Average  sep^irability  of  intensity,  CV  and  all  the 
measures  together. 


Separability  of  land  cover  types 
with  2.  order  textural  measures 


Date 


Contrast  Inv.  Moment  Max.  Probability 


Uniformity  All  together 

All  togelher  Inlensily,  CV,  Conlrasl, 

Inv.  Momdnl,  Max.  Probabtlily  and  Unilormily 

Figure  2.  Average  septirability  of  contrttst,  inverse  moment, 
maximum  probability,  uniformity  and  all  the 
metis  ures  together. 


Separability  of  land  cover  types 

with  optimum  channels  combination  for 
mean  separability 


Number  of  channels 

Figure  3.  Maximum,  average  and  minimum  septirability  as 
function  of  different  metisures  (channels). 
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Abstract  --  SAR  datahave  higher  potential  for  monitoring 
than  optical  sensor  data  because  of  its  capability  for  data 
acquisition  in  any  weather  condition.  The  authors  studied 
the  applicability  of  SAR  data  for  monitoring  the  change  of 
vegetative  conditions  caused  by  seasonal  variation, 
flooding  and  biomass  burning.  As  to  the  biomass 
burning,  the  authors  investigated  the  change  of  SAR 
backscatter  due  to  the  forest  fire.  Through  these 
experimental  studies,  the  authors  suggested  the  possibility 
of  L-bandSAR  data  by  JERS-1  for  practical  monitoring  of 
several  types  of  changes  of  vegetative  conditions. 

INTRODUCTION 

Land  cover  change  monitoring  using  multitemporal  data  is 
one  of  the  important  and  practical  applications  in  remote 
sensing  fields.  However,  the  observations  by 
conventional  optical  sensors  are  much  affected  by  weather 
conditions  and  actually  the  observation  in  a  winter  season 
or  rainy  season  has  been  almost  impossible  using  optical 
sensors.  On  the  other  hand,  the  Synthetic  Aperture  Radar 
(SAR)  can  observe  in  any  weather  condition  and  the  SAR 
data  can  be  used  practically  to  monitor  the  land  cover 
change  which  occur  in  the  season  of  bad  weather  conditions. 
The  authors  studied  the  applicability  of  the  SAR  data  for 
the  monitoring  of  the  changes  of  vegetative  conditions 
caused  by  seasonal  variation  between  dry  and  rainy  weather 
conditions,  by  flooding  in  rainy  season  and  by  biomass 
burning. 

RELATION  BETWEEN  SAR  BACKSCATTER  AND 
VEGETATION  COVERAGE 

The  authors  have  conducted  the  preliminary  analysis  of  the 
multitemporal  SAR  data  at  the  Central  Plain  in  Thailand 
and  the  results  suggested  that  those  data  contain  much 
information  about  the  seasonal  variations  of  vegetation. 
The  upper  two  images  in  Fig.l  show  seasonal  changes  of 
L-band  SAR  backscatter  between  dry  season  (March  16th) 


and  rainy  season  (September  8th).  The  change  of  SAR 
backscatter  is  represented  by  the  Normalized  Radar  Cross 
Section  (NRCS)  which  can  be  derived  from  the  SAR  level 
2.1  product  using  the  calibration  coefficient  given  by 
NASDA. 

Regression  analysis  was  performed  between  SAR 
backscattering  intensity  and  Perpendicular  Vegetation 
Index  (PVI),  one  of  the  parameters  indicating  the 
vegetation  coverage  conditions,  using  JERS-1  SAR  and 
Landsat  TM  images  pair  acquired  on  the  same  day  (April 
29th,  1993).  The  PVI  can  be  estimated  in  the  two 
dimensional  plane  composed  by  the  intensity  ofTM  band  3 
(visible-red)  and  band  4  (near  infrared).  It  is  defined  as  the 
line  perpendicular  to  the  soil  line  and  indicates  the  degree  of 
vegetation  coverage.  The  maximum  value  of  PVI 
corresponds  to  the  averaged  value  of  PVI  for  the  areas  fully 
coveredby  vegetation.  The  two  images  wereco-registered 
each  other  and  twenty  pairs  of  the  averaged  values  in  5  x  5 
window  areas  for  SAR  andTM  images  which  were  sampled 
from  the  bare  soil  areas  and  the  vegetated  areas  were  used  for 
the  regression  respectively. 

Fig. 2  shows  the  result  from  the  regression  analysis 
between  SAR-NRCS  and  PVI.  The  result  indicates 
positive  correlation  between  SAR  backscatter  and 
vegetation  coverage,  although  there  are  seen  relatively  large 
variations  of  NRCS  for  large  PVI  samples,  which  is  one  of 
the  factors  decreasing  correlation  between  PVI  andNRCS. 
This  variation  is  considered  to  be  caused  by  the  differences 
of  vegetation  types,  that  is,  the  SAR  backscatter  for  grasses 
is  lower  than  that  for  trees  even  the  area  is  fully  coveredby 
vegetation. 

SEASONAL  CHANGES  OF  SAR  BACKSCATTER  IN 
PADDY  FIELD 

The  authors  studied  the  actual  changing  pattans  of  SAR 
backscatter  concerning  to  the  change  of  vegetative 
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conditions  in  the  paddyfield  at  the  sametest  site  as  Fig. 1. 
For  the  monitoring  of  seasonal  change  of  paddy  fields,  three 
temporal  SAR  data  were  acquired  on  March  16th,  April 
29th  and  September  8  th,  in  the  middle  and  final  stage  of  the 
dry  season  and  in  the  middle  of  the  rainy  season 
respectively. 

As  the  result  of  the  analysis,  several  kinds  of  paddy  fields 
were  identified  which  seasonal  changes  were  different  each 
other.  The  graph  in  Fig. 3  shows  the  changing  patterns  of 
NRCS  for  eight  land  cover  classes  obtained  from  the 
classification  using  above  three  multitemporal  SAR  data. 
The  solid  lines  (C2,  C3,  C4,  and  C6)  in  the  graph 
correspond  to  the  patterns  of  paddy  fields.  The  change  of 
C4  and  C6  between  March/ April  and  September  was 
proved  to  be  caused  by  the  difference  between  bare  soil 
condition  and  the  rice  growth  from  the  ground  survey. 
The  change  of  C2  was  considered  due  to  the  planting  of 
second  rice  in  the  dry  season.  The  change  of  C3  between 
March  and  April  was  estimated  to  be  caused  not  by  the 
change  of  paddy,  but  by  the  change  of  soil  moisture  by 
the  combined  analysis  of  SAR  and  TM  described  above. 
Natural  levee  which  distributes  widely  in  the  test  site  was 
easily  identified  as  the  class  C8,  which  always  resulted  in 
high  backscatter. 

CHANGES  OF  SAR  BACKSCATTER  BY  FLOODING 

The  authors  studied  the  change  of  SAR  backscatter  in  paddy 
fields  when  they  were  flooded.  The  lower  image  in  Fig.  1 
shows  the  SAR  image  taken  on  September  26th,  1995 
when  a  big  flood  occurred  in  the  Central  Plain  of  Thailand. 
This  image  can  be  compared  with  the  middle  image  in 
Fig.l,  which  was  taken  almost  in  the  same  rainy  season 
but  in  non-flood  condition. 

According  to  a  ground  survey  at  the  same  time  of  SAR 
observation,  the  SAR  data  were  proved  to  result  in  very  low 
backscatter  in  the  flooded  areas  as  shown  in  Fig. 4. 
Therefore,  the  flooded  areas  in  the  padcfy  fields  were 
extracted  by  subtracting  NRCS  values  from  those  of  the 
data  in  non-flooded  conditions,  namely  the  data  in 
September,  1993.  According  to  all  weather 
characteristics  of  SAR,  the  SAR  data  is  considered  to  be 
effective  data  source  for  the  detection  of  flood  in  the  rainy 
season. 


CHANGES  OF  SAR  BACKSCATTER  BY  FOREST 
FIRE 

The  authors  investigated  the  change  of  SAR  backscatter 
caused  by  a  forest  fire  occurred  in  Okayama  Prefecture  in 
Japan  to  assess  the  applicability  of  JERS-l/SAR  data  for 
the  detection  of  biomass  burning.  Vegetation  in  burnt 
forest  is  mainly  ocaipied  with  the  secondary  forest 
including  Querco  glaucae  -  Pinetum  densiflorae  which 
height  are  about  5  to  8m.  The  difference  of  backscatter 
between  before  and  after  the  fire  is  3.2  dB  in  NRCS  at  the 
slope  area  of  burnt  forest.  And  also,  the  difference  of 
backscatter  between  burnt  andnon-bumt  forest  is  12.0  dB 
as  shown  in  Fig. 5.  It  was  proved  that  the  decrease  of 
biomass  by  forest  fire  can  be  detected  from  the  deaease  of 
SAR  backscatter.  However,  it  is  considered  that  the 
remained  standing  trees  in  burnt  forest  caused  less  deaease 
of  backscatter.  If  the  forest  fire  is  larger-scale,  it  is 
considered  that  the  damage  by  forest  fire  will  be  detected 
more  clearly  as  the  change  of  SAR  backscatter. 

SUMMARY 

Regression  analysis  using  JERS-1  SAR  andLandsat  TM 
data  acquired  on  the  same  day  suggested  that  the  change  of 
SAR  backscatter  is  related  to  the  change  of  vegetation 
coverage  conditions  with  positive  correlation.  Several 
case  studies  concaning  to  the  change  of  vegetative 
conditions  by  season,  flooding  and  burning  proved  that 
these  changes  can  be  detected  as  the  change  of  SAR 
backscatter.  The  result  of  these  case  studies  indicates  the 
effectiveness  of  L-band  SAR  data  by  JERS-1  for  the 
monitoring  of  several  types  of  changes  of  vegetative 
conditions  in  which  data  acquisition  is  necessary  even  in 
bad  weather  conditions. 

REFERENCES 

[1]  S.  Takeuchi  andR.  Suwanwerakamtorn,  “Analysis  of 
the  Influence  of  Land  Cover  Conditions  on  SAR 
Backscatter  Using  Simultaneous  SAR  and  TM  Data'', 
J.  of  JSPRS,  vol.  34,  no.  5,  pp .45-48,  1995. 

[2]  S.  Takeuchi  andR.  Suwanwerakamtorn,  ‘Monitoring 
of  Land  Cover  Conditions  in  Paddy  Fields  Using 
Multitemporal  SAR  Data",  RESTEC  news  letter, 
no  18,  1995. 


1764 


'V9p^&;ir 

i'.-v  A-. 


»  l?7-?K  9WI& 

-WSS 


»#;h 

.:?!c?-  ■  ?  'ifel 


C-  and  L-Band  Multi-Temporal  Polarimetric  Signatures  of  Crops 

1  2  2 

Henning  Skriver ,  Flemming  Nielsen ,  and  Anton  Thomsen 

'Danish  Center  for  Remote  Sensing,  Dept.  Electromagnetic  Systems 
Technical  University  of  Denmark,  Building  348,  DK-2800  Lyngby,  Denmark 
Phone:  +45  45  88  14  44,  Fax:  +45  45  93  16  34,  E-mail:  hs@emi.dtu.dk 

^Danish  Institute  of  Plant  and  Soil  Sciences 
Research  Center  Foulum,  DK-8830  Tjele,  Denmark 


Abstract  ~  Polarimetric  SAR-data  of  agricultural  fields 
have  been  acquired  by  the  Danish  polarimetric  SAR 
(EMISAR')  during  a  number  of  missions^  at  the  Danish 
test  site  Foulum  during  1994  and  1995.  EMISAR  has 
operated  in  a  fully  polarimetric  mode  at  C-band  since  the 
fall  of  1993  and  at  L-band  since  the  beginning  of  1995. 
The  SAR  system  is  installed  on  a  Danish  Air  Force 
Gulfstream  aircraft,  and  a  significant  amount  of 
polarimetric  SAR  data  have  been  acquired  on  various 
missions.  Polarimetric  parameters  for  a  number  of  different 
agricultural  crops  are  shown,  and  the  advantage  of  having 
polarimetric,  multi-frequency,  and  multi-temporal  data  for 
crop  discrimination  is  clearly  seen. 

INTRODUCTION 

A  research  and  development  projeet  initiated  in  1986  at 
the  Department  of  Electromagnetic  Systems  (EMI)  of  the 
Technieal  University  of  Denmark  resulted  in  a  C-band  W- 
polarized  airborne  SAR  first  flown  in  1989  [1].  The 
Danish  airborne  polarimetric  SAR  (EMISAR)  has  since 
then  been  extended  to  an  L-  and  C-band  fully  polarimetric 
and  interferometric  SAR  [2].  The  polarimetric  extension  of 
the  system  has  been  co-sponsored  by  the  EU's  Joint 
Research  Centre  (JRC).  The  EMISAR  is  used  for  scientific 
experiments  conducted  by  the  Danish  Center  for  Remote 
Sensing  (DCRS)  which  was  established  early  1994  at  Elvfl 
by  the  Danish  National  Research  Foundation,  and  it  is 
expected  to  be  utilized  by  JRC  for  its  European  Airborne 
Remote  Sensing  Campaign  (EARSEC).  Also,  EMISAR 
has  been  used  for  the  European  Multisensor  Airborne 
Campaign  (EMAC)  arranged  by  ESA. 

The  SAR  system  is  installed  on  a  Danish  Air  Force 
Gulfstream.  The  SAR  system  is  normally  operated  from  an 
altitude  of  approximately  12.500  m,  the  spatial  resolution 
is  2  m  by  2  m,  the  ground  range  swath  is  approximately 
12  km  and  typical  angles  of  incidence  range  from  35°  to 
60°.  The  processed  data  from  this  system  are  fully 


‘Development  of  the  EMISAR  has  been  co-sponsored  by  the  Thomas 
B.  Thriges  Foundation,  the  Danish  Technical  Research  Council  (STVF), 
the  Royal  Danish  Air  Force,  the  Technical  University  of  Denmark,  and 
the  Joint  Research  Centre. 

^The  data  acquisitions,  data  processing  and  data  interpretation  have 
been  sponsored  by  the  Danish  National  Research  Foundation  and  the 
Danish  Space  Board. 
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calibrated  by  using  an  internal  calibration  and  a  test  area  is 
equipped  with  a  number  of  reference  targets  thus  enabling 
the  verification  of  system  performance.  The  radiometric 
calibration  is  better  than  ±0.5  dB,  and  the  channel 
imbalance  is  less  than  ±0.5  dB  in  amplitude  and  ±5^^  in 
phase.  The  cross  polarisation  contamination  is  generally 
suppressed  by  more  than  30  dB. 

The  DCRS  conducts  research  in  collaboration  with 
science  partners  within  areas  related  to  remote  sensing 
techniques  and  Earth  science,  such  as  agriculture, 
environment,  geology,  glaciology,  hydrology  and  sea  ice. 
The  research  within  agriculture,  i.e.  on  crop  monitoring 
and  soil  moisture  mapping,  is  carried  out  in  co-operation 
with  Research  Center  Foulum  (RCF).  The  RCF  is  a 
research  centre  under  the  Danish  Ministry  of  Agriculture, 
with  intensively  monitored  farm  land,  ideally  suited  for 
studying  the  application  of  remote  sensing  to  agriculture. 
The  research  is  primarily  aiming  at  studying  the 
application  of  radar  remote  sensing  techniques  to  monitor 
agricultural  crops,  biomass,  and  soil  physics.  The  primary 
observational  technique  is  SAR  polarimetry,  and  results 
from  this  study  will  be  presented  in  this  paper. 

DATA  ACQUISITION 

The  test  site  used  for  the  agriculture  study  is  located  in 
the  northern  part  of  Jutland  around  RCF  at  Foulum.  At 
RCF,  spectral  reflectance  measurements  in  the  visible  and 
near  infe-red  spectral  bands  are  routinely  used  to  monitor 
biomass  and  canopy  structure  (leaf-area-index,  foliage 
distribution  and  orientation).  The  primaty  instruments  are 
mast  mounted  and  portable  dual  band  (visible  red  and  near 
infra-red)  radiometers.  Digital  analysis  of  false-color  aerial 
photography  is  used  for  field  variability  mapping. 
Instrumentation  and  laboratory  facilities  are  also  available 
for  the  measurement  of  water  content  of  canopy  elements, 
soil  composition,  micro  relief,  and  water  content. 

A  large  number  of  acquisitions  with  both  the  C-  and  L- 
band  polarimetric  SAR  was  carried  out  in  1995,  for 
instance  on  March  22  (L-band),  March  24  (C-band),  April 
27  (C-band),  June  8  (L-band),  and  July  4  (C-  and  L-band). 
The  data  acquisitions  have  been  co-ordinated  with  extensive 
in-situ  measurement  campaigns,  where  e.g.  soil  moisture, 
soil  roughness,  a  multitude  of  plant  parameters  and  crop 
types  were  measured. 
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VEGETATION  SIGNATURES 

It  is  well  known  that  the  canopy  development  of 
different  crops  with  time  causes  variation  of  the 
backscatter,  and  it  is  the  basis  for  e.g.  multi-temporal 
classification  of  ERS-1  SAR  data  (e.g.  [3]).  Also,  for 
polarimetric  SAR  data  multi-temporal  acquisitions  may 
contain  additional  and  important  information  (see  e.g.  [4]). 
Below  examples  of  backscatter  coefficients  for  different 
crop  types  will  be  shown,  that  is  winter  wheat,  winter 
barley,  winter  rape,  and  spring  barley. 

The  polygons  picked  for  the  crop  types  contain  at  least 
2000  pixels,  where  the  pixels  are  sampled  with  1.5  m 
pkel  spacing.  The  pixels  are  of  course  correlated,  and 
using  homogenous  areas  in  the  image,  the  equivalent 
number  of  looks  for  an  2000  pbcel  area  is  estimated  to  at 
least  300.  This  results  in  a  standard  deviation  for  the 
backscatter  coefficients  due  to  the  speckle  noise  of  less 
than  0.2  dB.  The  variance  caused  by  the  speckle  noise  will 
consequently  have  a  very  small  effect  on  the  results  from 
the  polygons  used,  and  it  is  ignored  below. 

The  polygons  are  picked  in  the  full  range  of  incidence 
angles  from  about  39"  to  58°.  The  polygons  are  then 
grouped  according  to  their  incidence  angle  in  4"  intervals, 
and  the  mean  and  standard  deviation  are  computed  for  each 
of  these  intervals,  so  that  error  bars  may  be  estimated. 
Examples  of  these  results  are  shown  in  Figs.  1  and  2. 
where  the  angular  dependence  of  the  backscatter 
coefficient  for  the  L-  and  C-band  acquisitions  in  March  is 
shown.  The  y  backscatter  coefficient  is  used  because  it  has 
a  slightly  weaker  dependaice  on  the  incidence  angle  than 
the  CT  backscatter  coefficient.  For  the  actual  incidence  angle 
interval  the  decrease  with  incidence  angle  is  about  1.5  dB 
larger  for  a  than  for  y.  In  a  crop  discrimination  application 
the  weaker  dependence  is  an  advantage,  because  fewer 
classes  are  necessary  to  cope  with  the  variation. 

The  largest  variation  between  near-  and  far-range  is 
observed  for  these  early  spring  acquisitions  (about  4  dB  at 
L-band  and  about  2  dB  at  C-band),  whereas  the  variation  is 
well  below  2  dB  for  the  later  acquisitions.  These 
observations  correspond  with  the  fact  that  the 
backscattering  in  the  early  spring  is  dominated  by  surfece 
scattering  from  the  bare  fields,  whereas  volume  scattering 
from  the  vegetation  is  contributing  at  the  later 
acquisitions.  Furthermore,  we  have  the  largest  variation  at 
L-band  because  the  same  surface  appears  rougher  at  C-band 
than  at  L-band. 

As  mentioned  above  the  incidence  angle  dependence  is 
weak  especially  for  the  larger  incidence  angles.  Therefore, 
fields  with  incidence  angles  larger  than  45"  are  used  to 
compute  the  multi-temporal  signatures  and  their  standard 
deviation.  The  multi-temporal  backscatter  coefficients 
for  L-  and  C-band  are  shown  in  Figs.  3  and  4,  respectively, 
and  the  multi-temporal  y^^p  backscatter  coefficients  for  L- 
and  C-band  are  shown  in  Figs.  5  and  6.  respectively.  The 
y^jp  backscatter  coefficient  is  computed  by  averaging  the 


scattering  matrix  elements  Shv  ^nd  Svh  for  thermal  noise 
reduction,  where  reciprocity  has  been  impUed. 

We  observe,  that  the  variation  indicated  by  the  error  bars 
is  relatively  large,  especially  at  the  early  spring 
acquisitions.  The  standard  deviation  is  from  2  to  3  dB  for 
the  latter  acquisitions,  probably  caused  by  the  sensitivity 
of  the  backscattering  to  the  plowing  direction.  For  the  later 
acquisitions  the  standard  deviation  is  smaller,  e.g.  less  than 
1  dB  in  most  of  the  cases,  probably  caused  by  the 
backscatter  contribution  from  the  vegetation.  The  standard 
deviation  for  the  L-band  data  is  slightly  larger  than  for  the 
C-band  data. 

All  the  curves  for  the  spring  barley,  the  winter  barley 
and  the  winter  wheat  are  constant  or  decreasing  from  the 
March  to  the  May  acquisition  and  then  increasing  for  the 
later  acquisitions.  The  increase  is  correlated  with  the 
measurements  of  the  Leaf  Area  Index  (LAI)  (c.f.  [5]),  where 
the  LAI  increases  from  1.5  at  Julian  Day  137  to  3.3  at 
Julian  Day  178.  We  observe  a  more  distinct  increase  at  L- 
band.  The  backscattering  from  the  winter  rape  differs 
significantly  from  the  others,  because  of  the  very  different 
structure  and  larger  biomass. 

The  importance  of  multi-temporal  acquisitions  for 
classification  applications  is  clearly  seen  from  the  results. 
Using  the  acquisitions  in  May  and  in  July  of  the  C-XP 
chaimel  it  will  be  possible  to  discriminate  between  the 
crops.  Furthermore,  it  is  obvious  that  the  discrimination 
capability  is  larger  for  the  C-band  than  for  the  L-band. 

CONCLUSIONS 

Multi-temporal  and  multi-frequency  vegetation 
backscatter  results  measmed  by  the  Danish  L-  and  C-band 
polarimetric  SAR  have  been  presented.  We  observed  a 
relatively  large  variation  of  the  backscattering  from  fields 
at  approximately  the  same  incidence  angle.  This  variation 
is  probably  coarse  by  the  sensitivity  of  the  backscattering 
to  e.g.  the  plowing  and  sowing  directions,  and  the  local 
incidence  angle.  The  multi-temporal  signatures  showed 
correlation  with  LAI  and  thereby  biomass.  Finally,  C-band 
has  larger  discrimination  capability  than  L-band. 
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INTRODUCTION 

The  k  ’Itifaceted  nature  of  wetlands  in  reeent  years 
have  attracted  the  attention  of  a  variety  of  different 
interests.  Frr  land  developers  and  agriculturists,  to 
conservationists  and  planners,  the  debate  over  definition 
and  delineation  of  wetlands  has  been  a  point  of 
contention. 

In  the  1970’s  and  1980’s  wetlands  gained  attention 
as  being  fragile  landscapes  that  required  suitable 
delineation  and  monitoring.  Aerial  photography  had  a 
decisive  role  in  the  delineation  process  with  such  agendas 
as  the  National  Wetlands  Inventory,  and  the  mapping  of 
Tennessee  Valley  Authority  (TVA)  wetlands  [1]. 
However,  more  recently  the  economy  and  efficiency  of 
remote  sensing  to  carry  out  these  mapping  responsibilities 
have  gained  more  attention  [2].  Ducks  Unlimited  was  one 
of  the  first  non-governmental  private  company 
applications  of  extensive  wetland  monitoring  with 
LANDSAT  4  and  LANDSAT  5  products  to  determine 
extent  and  phenology  of  upper  great  plains  prairie 
potholes  [3].  Even  with  the  greater  accessibility  and 
variety  of  sensors  available  today  wetland  mapping  is  still 
done  from  a  somewhat  static  basis. 

Multidate  imagery  has  been  used  to  improve 
classification  accuracy’s  and  to  provide  more  of  a  dynamic 
basis  of  analysis  in  a  variety  of  applications.  The  use  of 
an  extensive  amoxmt  of  time  series  AVHRR  satellite  data 
to  measure  metrics  within  a  vegetation  phenology  [4]  and 
to  explain  spatial  and  time  series  change  with  the  use  of 
principal  components  [5]  are  two  studies  that  represent 
the  value  of  moving  beyond  single  date  remote  sensing 
analysis.  The  use  of  the  Landsat  Thematic  Mapper  to 
create  a  dynamic  multidate  land  cover  classification 
scheme  showed  improved  accuracy  for  land  cover 
classification  of  agricultural  areas  [6],  The  use  of 
multidate  imagery  from  the  MSS  and  SPOT  satellite 
systems  were  used  in  a  change  detection  analysis  to 
explain  an  increase  in  the  amount  of  cattails,  and  the 
decrease  in  the  amount  of  sawgrass,  over  an 
eighteen  year  period  in  the  Florida  Everglades  [7], 
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The  purpose  of  this  paper  is  to  discuss  the  use  of  using 
multidate  satellite  imagery,  to  characterize  the 
exoatmospheri.  reflectance  phenology  of  five  wetland 
plant  communities 

Prior  1-  >  <wledge  of  the  size  and  bearing  of  the 
wetland  communities  were  known  from  visits  to  various 
sites.  Some  very  broad  knowledge  of  the  wetland  plants 
and  their  cycles  were  extracted  from  a  limited  amount  of 
aerial  photographs. 

STUDY  AREA 

Canton  Lake  Reservoir,  a  fiood  control  measure  to 
meet  recreational  and  municipal  water  needs  erected 
during  the  1940’s,  is  located  on  the  North  Canadian  River 
in  northwest  Oklahoma.  The  lake’s  fiood  control  facilities 
are  maintained  by  the  U.S.  Army  Corps  of  Engineers  and 
water  is  drawn  down  annually  during  the  winter  season 
prior  to  one  of  Oklahoma’s  two  maximum  rainfall  peaks. 

Comparisons  between  historieal  aerial  photography 
of  the  Canton  system  reveals  that  at  the  western  end  of  the 
lake,  eirca  the  1950’s,  there  was  the  beginning  of  the 
growth  of  various  Cowardin  wetland  types  [8].  The  results 
have  been  a  uniquely  manmade  series  of  wetland 
communities. 

•  Common  Reed  (Phragmites  australis)  a  member  of 
the  grass  family  foimd  at  Canton  Lake  in  abundanee 
in  several  different  areas.  For  this  study,  the  area 
around  where  the  North  Canadian  River  empties  into 
the  lake  was  sampled. 

•  Curlytop  Smartweed  (Polygonum  lapathiform)  a 
member  of  the  Buckwheat  family  (Polyonaceae) 
located  in  highly  discernible  beds  around  the 
Common  Reed  beds  of  the  North  Canadian  River 
emptying  point  into  the  lake 

•  Southern  Cattail  (Typha  domingesis)  a  cattail  variety 
that  is  found  throughout  the  United  States.  It  is 
present  in  several  extensive  beds  in  the  Canton  Lake 
watershed. 
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•  Eastern  Cottonwood  {Populous  deltoides)  is  a  tree 
variety  found  in  developed  stands  along  the  North 
Canadian  River  leading  into  the  lake.  Cottonwoods 
are  also  found  surrounding  the  wetlands  at  the 
farthest  extent  of  Canton  Lake  [9]. 


METHODS 

By  choosing  three  wetland  plant  community  types 
made  up  of  three  distinctly  different  plants  and  two  other 
wetland  plant  communities  made  up  of  the  same  plant 
type  growing  imder  two  varying  hyd^  iogic  environments, 
it  was  determined  that  sampling  pixeis  from  .ach  of  these 
domains  would  yield  separate  exoatmospheric  reflectance 
value  ranges  at  distinct  times  during  the  year.  Areas  of 
homogeneous  stands  of  common  reed,  southern  cattail, 
and  eastern  cottonwood  were  determined.  In  addition  two 
environmentally  different  sample  domains  of  curlytop 
smartweed  were  chosen.  The  first  smartweed  sample 
(referred  to  as  Smartweed  ‘A’  in  Figure  1)  is 
characterized  by  a  moderate  amoimt  of  submersion 
during  the  year.  The  second  smartweed  sample  (referred 
to  as  smartweed  ‘B’  in  Figure  1)  was  chosen  from  an  area 
characterized  by  longer  periods  of  submersion  in 
comparison  to  the  first  smartweed  sample. 

The  five  indicator  wetland  plant  communities  were 
sampled  over  a  thirteen  month  time  period  from  June  8, 
1994  -  July  9,  1995.  All  data  consisting  of  eleven  IRS-IB 
and  1  IRS-P2  scenes  were  collected  at  the  EOSAT 
Norman  Ground  Station  at  Norman,  Oklahoma. 

All  image  processing  was  accomplished  using  ERDAS 
software.  A  band-by-band  normalization  algorithm  was 
run  on  all  four  bands  individually  to  accoimt  for  sun 
angle,  earth/sun  distance,  and  spectral  radiance  vaiues  to 
convert  the  raw  data  to  absolute  reflectance.  Unified  four 
band  image  sets  were  produced.  A  minimum  of  12  ground 
control  points  were  maintained  for  each  image,  digitized 
to  Nationai  Wetlands  Inventory  (NWI)  maps,  with  an 
RMS  error  of  .33  and  then  resampled  with  the  use  of  the 
nearest  neighbor  resampling  algorithm.  A  subset,  of  no 
more  than  36  square  miles,  was  devised  to  include  all  of 
the  sample  areas  resampled  with  the  use  of  the  nearest 
neighbor  resampling  algorithm.  A  subset,  of  no  more 
than  36  square  miles,  was  devised  to  include  all  of  the 
sample  areas.  Homogeneous  sampling  of  each  of  the 
vegetation  communities  were  outlined  using  the  onscreen 
GIS  capabilities  of  the  ERDAS  software.  Sample 
exoatmospheric  reflectance  values  were  recorded  for  each 
wetland  plant  community.  The  minimum  number  of 
sampling  units  totaled  6  pixels.  The  maximum  niunber  of 
sampling  units  totaled  9  pixels.  Exoatmospheric 
reflectance  was  also 
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sampled  and  recorded  for  the  NDVI  of  each  of  the 
sampled  12  images.  Mean  sampling  values  were 
determined  for  each  sample  type  for  each  image  date.  The 
NDVI  is  particularly  useful  in  deter  alining  and  mapping 
various  environmental  effects  on  veget?»’''on  [10].  For  the 
scope  of  this  paper  just  the  NDVI  values  w  c  graphed 
and  appear  in  Figure  1.  The  U.S.  Army  Corps  of 
Engineers  retains  detailed  records  on  the  lakes  they 
maintain  that  include  precipitation  data  and  lake  pool 
elevation  data.  These  hydrologic  data  were  plotted  on  a 
daily  basis  from  June  8,  1994  to  July  9,  1995  and  appear 
in  Figure  2. 
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RESULTS 

The  overall  phenological  trends  exhibited  by  the 
wetland  plant  commimities  indicates  that  exoatmospheric 
reflectance  is  highest  in  the  late  spring  and  summer 
months  and  diminishes  to  the  lowest  level  of  average 
exoatmospheric  reflectance  sometime  in  March  of  1995. 

Generally  the  best  time  of  year  to  distinguish  between 
all  of  the  plant  communities  is  springtime.  The  two  best 
dates  for  discrimination  between  plant  community  types 
are  March  24,  1995  (Day  289)  and  July  9,  1995  (Day 
397).  March  has  the  lowest  average  exoatmospheric 
reflectance  and  July  of  1995  has  some  of  the  highest 
,  verage  exoatmospheric  reflectance.  It  appears  that  July  9, 
1995  has  better  discrimination  between  plant  commimities 
than  July  22,  1994  (Day  45)  partly  as  a  fiinction  of  lake 
level  and  precipitation.  Prior  to  July  of  1995  there  was  a 
greater  amount  of  precipitation  and  a  higher  lake  level 
than  both  attributes  a  year  earlier  in  July  1994  and  this 
caused  a  greater  disaimination  between  all  of  the  wetland 
commimity  types  for  that  date  (see  Figures  1  and  2). 

The  worst  time  of  the  year  for  the  plant  community 
discrimination  was  December  1, 1994  (Day  177).  Four  of 
the  of  the  five  community  types  clump  together  and  are 
indistinguishable  on  that  date.  From  December  on  there 
appears  to  be  an  improvement  in  commimity 
discrimination.  Smartweed  ‘B’  appears  to  be  the  wetland 
plant  community  easiest  to  distinguish  from  the  other 
plant  communities  almost  year  round.  Other  plant 
community  types  exhibit  optimal  times  of  the  year  to 
distinguish  them  from  other  types.  An  example  of  this  is 
the  eastern  cottonwood  which  appears  to  be  most 
distinguishable  from  the  other  community  types  in  late 
summer  and  fall  (Days  67,  89  and  111). 

The  three  images  that  merit  further  investigation  for 
the  basis  of  an  annual  change  detection  map  (using  two  or 
more  images)  are: 

December  1,  1994 

The  image  expresses  the  lowest  lake  level  of  the  12 
images  used. 

March  24.  1995 

The  image  shows  good  separation  between  NDVI 

exoatmospheric  reflectance  for  all  five  wetland  plant 
communities,  expresses  low  lake  pool  elevation  level,  and 
represents  the  lowest  exoatmospheric  reflectance  for  the 
majority  of  the  communities. 

July  9.  1995 

The  image  shows  good  separation  between  NDVI 

exoatmospheric  reflectance  for  all  five  wetland  plant 
communities,  expresses  nearly  the  highest  lake  pool 


elevation  level,  and  represents  one  of  the  highest  levels  of 
exoatmospheric  reflectance  for  the  majority  of  the 
communities. 
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Abstract  —  In  October  1996,  RADARSAT  will  map  the  entire 
Antarctic  continent  from  space,  presenting  scientists  with  an 
unprecedented  snapshot  of  the  entire  continent  in  the 
microwave  spectrum.  NASA  has  charged  the  Byrd  Polar 
Research  Center  with  the  goal  of  producing  a  full  continental 
map  using  this  data,  subject  to  a  number  of  constraints  to 
maximize  the  utility  of  the  data  to  the  scientific  community. 
To  meet  these  requirements,  a  number  of  SAR  data  processing 
techniques  shall  be  applied  including  orthorectification 
processing,  block  adjustments  for  ephemeris  refinements, 
simulation  techniques  and  radiometric  balancing  for 
automated  image  seam  removal.  These  techniques  shall  be 
implemented  in  the  RADARSAT  Antarctica  Mapping  System 
being  developed  by  Vexcel  Corporation  for  the  Byrd  Polar 
Research  Center.  In  this  paper,  we  will  provide  an  overview 
of  the  system. 

OVERVIEW 

Over  the  course  of  18  days  in  October  of  1996,  at  least  12 
hours  worth  of  data  will  be  collected  by  the  Canadian 
RADARSAT  sensor,  completely  mapping  the  continent  of 
Antarctica.  These  data  in  turn  will  be  processed  by  the 
Alaska  SAR  Facility  (ASF)  into  no  less  than  3600  image 
frames,  all  to  be  ultimately  assembled  into  a  single  digital 
mosaic  by  the  Byrd  Polar  Research  Center  (BPRC).  To  form 
this  mosaic,  Vexcel  Corporation  is  developing  the 
RADARSAT  Antarctica  Mapping  System  (RAMS)  which  is 
specifically  designed  to  handle  the  large  data  volumes  and 
demanding  processing  requirements  for  this  project. 

RAMS  consists  of  a  combination  of  hardware  and  software 
solutions.  It  resides  on  one  or  more  Unix  platforms.  The 
choice  and  number  of  platforms  used  is  highly  dependent  on 
the  desired  overall  throughput  for  map  formation.  The  data 
processing  software  are  accessible  via  graphical  user  interfaces 
(GUIs)  which  are  written  in  X.  Both  data  processing 
software  and  GUIs  interface  to  a  database  and  operate  on  other 
files  such  as  images. 

PROCESSING  STRATEGY 

The  overall  processing  strategy  for  map  formation  is  designed 
to  handle  both  large  data  volumes  (more  than  can  be  stored 
on  disk  simultaneously)  and  to  allow  map  formation  to  begin 
prior  to  all  data  being  processed  into  images  by  ASF.  To  do 
so,  we  process  the  data  in  "blocks"  or  groups  of  overlapping 
images.  Each  block  is  processed  individually  and  then 
archived.  After  all  blocks  for  the  map  have  been  processed, 
they  are  geometrically  and  radiometrically  adjusted  so  as  to 
remove  block-to-block  seams,  and  the  final  map  product  is 
formed.  The  phase  during  which  individual  blocks  are  being 
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processed  is  called  the  Block  Processing  Phase.  The  final 
map  product  is  formed  during  the  Tile  Processing  Phase.  ^ 

By  using  this  strategy,  only  enough  disk  space  is  required  to 
store  data  for  one  or  two  blocks  simultaneously.  In  addition, 
not  all  data  for  the  map  are  required  to  be  processed  by  ASF 
before  map  formation  can  begin.  An  overview  of  the  system 
is  shown  in  Figure  1.  Each  of  the  data  processing  steps 
shown  are  described  in  more  detail  later. 


prcluninaA' 

producis' 


Figure  1 :  RAMS  Data  Processing  Overview 
PLATFORM 


The  overall  performance  and  number  of  platform(s)  needed  are 
a  function  of  the  overall  throughput  requirement  for  map 
formation.  Using  today's  mid-range  computing  systems,  it  is 
clear  that  multiple  platforms  or  CPUs  are  required  to  meet 
BPRCs  requirement  to  form  one  map  within  15  months. 

In  addition  to  one  or  more  computer  platforms  for  RAMS,  a 
variety  of  additional  peripheral  devices  are  required.  A  large 
disk  array  is  needed  to  store  input  and  output  images,  digital 
elevation  maps  (DEMs)  and  ground  control  points  (GCPs), 
intermediate  products,  and  the  RAMS  database.  64  GB  is 
currently  planned  for  RAMS.  To  backup  and  restore  data  to 
the  disks,  a  backup  system  is  required  (such  as  a  digital  linear 
tape,).  To  ingest  ASF  products,  an  8-mm  tape  drive  is 
required  and  to  form  output  products  a  CD-ROM  mastering 
capability  is  also  required.  X-terminals  or  other  computers 
may  be  used  as  displays. 

SOFTWARE 


^The  actual  map  product  consists  of  approximately  90 
individual  tiles  which  are  each  divided  into  75-115  smaller 
sub-tiles. 
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The  software  components  of  RAMS  are  best  described  in 
relation  to  the  overall  data  processing  flow.  The  first  step  in 
map  formation  is  processing  planning. 

Processing  Planning 

The  entire  map  formation  process  requires  that  an  overall 
processing  plan  be  formulated.  The  primary  purpose  of  this 
planning  is  to  divide  the  map  into  blocks  (groups  of 
overlapping  images)  and  to  choose  the  order  in  which  blocks 
will  be  processed.  Given  this,  data  processing  requests  may 
be  submitted  to  ASF  in  the  proper  sequence.  After  the  first 
data  have  been  received,  Block  Processing  may  begin. 

A  good  block  is  considered  to  having  the  following 
characteristics.  At  least  2  radar-visible  ground  control  points 
must  be  contained  within  its  boundaries.  Blocks  should 
consist  of  long  contiguous  swaths  of  data,  overlapping  each 
other  in  the  cross-track  direction. 

Block  Processing 

Once  all  data  for  a  given  block  have  been  received,  block 
processing  may  begin.  The  overall  objective  is  to  combine 
all  image  frames  for  the  block  into  preliminary  map  tiles.  The 
result  must  satisfy  geometric  and  radiometric  accuracy 
requirements  and  must  be  seamless  in  appearance. 

The  first  objective  is  to  compute  a  block  adjustment  or 
correction  to  all  orbits  contained  within  the  block.  To  do  so, 
we  require  the  collection  of  ground  control  points  and  tie 
points  between  frames  within  the  block. 

Tie  Points  Tie  points  are  collected  in  both  an  automated 
fashion  and  a  manual  fashion.  Tie  points  are  collected  in  the 
along-track  direction  through  an  automated  process.  Cross¬ 
track  tie  points  (i.e.  tie  points  collected  between  frames  in 
different  orbits)  are  also  collected  in  an  automated  fashion 
using  estimates  on  locations  of  overlap  regions  and  an  image 
automatcher. 

The  operator  may  choose  to  verify  or  correct  the  automatcher 
results  and  may  choose  to  manually  select  new  tie  points. 

GCPs  Ground  control  points  must  be  manually  located  by 
the  operator.  If  the  operator  is  unable  to  locate  at  least  2 
GCPs  within  the  block,  then  a  radar  simulation  technique 
may  be  used  to  form  a  synthetic  GCP. 

Radar  Simulation  In  an  area  of  "sufficient"  terrain,  a  small 
synthesized  SAR  image  may  be  formed  using  a  backscatter 
model  and  the  terrain  itself.  This  synthesized  SAR  image  is 
then  automatched  to  the  actual  SAR  image  resulting  in  a 
single  tie  point  for  the  pair.  Given  that  the  geolocation  of  the 
synthesized  image  is  known,  we  then  convert  the  tie  point 
into  a  ground  control  point  with  known  latitude,  longitude, 
and  elevation  and  its  corresponding  location  in  the  SAR 
image. 

Block  Adjustment  Given  a  sufficient  number  of  tie  points  and 
located  ground  control  points  within  the  block,  the  block 
adjustment  may  be  computed.  In  this  step,  the  block 
adjustment  corrects  all  orbits  within  the  block  such  that  tie 
points  are  reconciled  as  closely  as  possible  and  GCPs  are 


geolocated  as  accurately  as  possible.  The  overall  goal  is  to 
greatly  exceed  the  300  meter  geolocation  accuracy  requirement 
for  the  map. 

Orthorectification  Once  the  block  adjustment  has  been 
computed,  all  image  frames  are  resampled  into  a  map  grid, 
taking  into  account  geometric  distortions  due  to  terrain. 
Radiometric  corrections  due  to  slope  effects  are  also  applied 
in  this  step. 

Radiometric  Balancing  The  next  step  is  to  remove 
radiometric  seams  between  images  in  an  automated  fashion. 
This  is  done  by  taking  advantage  of  our  already  having  tie 
points  between  images.  At  each  tie  point,  local  image 
statistics  are  computed  and  a  target  value  assigned.  Using 
actual  and  target  values  at  each  tie  point,  a  radiometric 
balancing  function  may  be  computed  as  a  function  of  image 
position.  One  such  function  is  computed  for  every  image  in 
the  block. 

Preliminary  Tile  Formation  The  final  step  in  block 
processing  is  to  apply  the  radiometric  balancing  functions  to 
the  orthorectified  images  and  form  preliminary  map  tiles. 
Having  done  so,  image  chips  are  extracted  around  the  block 
edges  for  later  use  during  the  Grand  Adjustment.  The 
operator  may  also  choose  to  create  preliminary  products. 
Otherwise,  the  data  is  archived,  the  disk  is  cleaned,  and  data 
loaded  for  the  next  block. 

Options  If  data  were  collected  for  the  purposes  of  filling  in 
areas  of  layover  or  shadover,  a  steps  are  required  to  reset  these 
areas  and  merge  the  orthorectified  data  collected  for  that 
purpose. 

Grand  Adjustment 

Once  all  blocks  have  been  processed  individually,  the  Grand 
Adjustment  is  performed.  In  this  step,  the  radiometric  and 
geometric  seams  between  blocks  are  removed.  To  do  so,  the 
block-to-block  image  chips  collected  during  block  processing 
are  used  to  compute  tie  points  and  their  local  image  statistics. 

The  radiometric  balancing  approach  is  essentially  the  same  as 
that  used  for  individual  blocks.  The  geometric  adjustment 
computes  an  offset  and  rotation  for  each  block,  based  on  the 
block-to-block  tie  points. 

Tile  Processing 

The  formation  of  the  final  map  products  are  done  during  the 
tile  processing  phase.  In  this  phase,  the  results  of  the  Grand 
Adjustment  are  applied  to  each  block  in  turn.  These  data  are 
then  merged  into  final  tile  products  which  can  then  be 
prepared  for  CD-ROM  mastering.  In  addition,  overview  or 
lower-resolution  map  products  may  be  formed  for  areas  of 
larger  extent. 

OPERATOR  INTERFACES 

Throughout  RAMS,  the  operator  initiates  processing  and  can 
view  and  often  modify  intermediate  results  through  graphical 
user  interfaces.  RAMS  is  an  exceptionally  flexible  system. 
The  operator  can  be  guided  through  the  various  processing 
steps  or  may  choose  to  beat  his  or  her  own  path. 
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BATCH  PROCESSING 


RAMS  relies  on  overnight  batch  processing  to  meet  overall 
throughput  requirements  for  map  formation.  An  intelligent 
program  dispatcher  is  used  to  control  both  the  order  in  which 
programs  are  run  and  the  number  of  programs  which  may  run 
simultaneously  on  one  or  more  different  platforms.  The 
dispatcher  has  its  own  GUI  which  provides  the  operator  with 
a  list  of  pending  jobs,  jobs  currently  being  run,  and  jobs 
completed.  Access  to  error  logs  is  also  provided. 

SUMMARY 

RAMS  is  a  complete  end-to-end  processing  system  for  the 
formation  of  large-scale  maps  from  synthetic  aperture  radar 
imagery.  It  utilizes  the  techniques  of  block  adjustment  for 
improving  geolocation  accuracy,  orthorectification  for  terrain 
distortion  removal,  automated  radiometric  balancing  for  image 
seam  removal,  as  well  as  other  techniques  to  improve  the 
overall  quality  of  the  final  product,  at  the  same  time, 
providing  the  operator  with  a  large  degree  of  control  over 
each  step  to  ensure  the  formation  of  the  best  product  possible. 
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I.  Introduction 

On  November  4,  1995,  the  Canadian  RADARSAT  was 
carried  aloft  by  a  NASA  rocket  launched  from  Vandenberg 
Air  Force  Base.  RADARSAT  is  equipped  with  a  C-band 
Synthetic  Aperture  Radar  (SAR)  capable  of  acquiring  high 
resolution  (25  m)  images  of  Earth’s  surface  day  or  night  and 
under  all  weather  conditions.  Along  with  the  attributes 
familiar  to  researchers  working  with  SAR  data  from  the 
European  Space  Agency's  Earth  Remote  Sensing  Satellite 
and  the  Japanese  Earth  Resources  Satellite,  RADARSAT 
will  have  enhanced  flexibility  to  collect  data  using  a  variety 
of  swath  widths,  incidence  angles  and  resolutions.  Most 
importantly,  for  scientists  interested  in  Antarctica,  the 
agreement  for  a  U.S.  launch  of  RADARSAT  includes  a 
provision  for  rotating  in  orbit  the  normally  right-looking 
SAR  to  a  left-looking  mode.  This  'Antarctic  Mode'  will 
provide  for  the  first  time  a  nearly  instantaneous,  high 
resolution  view  of  the  entirety  of  Antarctica  on  each  of  two 
proposed  mappings  separated  by  2  years.  This  is  an 
unprecedented  opportunity  to  finish  mapping  one  of  the  few 
remaining  uncharted  regions  of  the  Earth.  The  completed 


Figure  1.  The  area  of  Antarctica  to  be  mapped  is 
equivalent  to  that  of  the  United  States  and  Mexico 
combined. 


maps  will  also  provide  two  important  benchmarks  for 
gauging  changes  of  Antarctica's  ice  cover  (Jezek  and  Carsey, 
1993). 

II.  Project  Plan 

The  preparation  of  a  digital  mosaic  of  Antarctica  is  being 
conduct^  by  the  Byrd  Polar  Research  Center  of  The  Ohio 
State  University  under  a  NASA  Pathfinder  Project.  The 
primaiy  goal  of  the  project  is  to  compile  digital  SAR  mosaics 
of  the  entire  Antarctic  continent  using  a  combination  of 

Radarsat  Antarctic  Mapping  Coverage 

AMRttdin^  Standard  and  lixtandad  Beam  Segments 


Figure  2.  Map  showing  3  days  of  standard  beam 
2  coverage.  Mapping  to  the  South  Pole  will  be 
completed  with  extended  beam  4.  Ascending 
swaths  will  be  used  to  compile  the  mosaic. 

standard  and  extended  beams  during  the  "Antarctic  Mode" 
of  the  RADARSAT  Mission  (figure  2).  Preliminary  plans 
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call  for  the  first  Antarctic  Mapping  Maneuver  to  occur  in 
October,  1996.  A  mission  plan  to  coordinate  that  complex 
acquisition  and  downlinking  of  Antarctic  data  is  being 
developed  by  NASA’s  Jet  Propulsion  Laboratory  and  the 
Canadian  Space  Agency.  The  plan  indicates  that  a 
minimum  of  18  days  are  required  to  completely  image  the 
continent  using  standard  beams  2  through  7  and  extended 
beam  4  for  imaging  the  Pole  (figure  2).  Contingency  plans 
are  in  preparation  in  the  event  of  unforseen  complications 
during  the  data  acquistion. 

The  Alaska  SAR  Facility  (ASF)  will  be  used  as  the  primary 
data  collection  site  supported  by  collections  at  the  Canadian 
Gatineau  and  Prince  Albert  Ground  Stations.  ASF  will 
process  data  into  images  which  will  be  sent  to  OSU  for 
compositing  into  map  products  using  equipment  under 
design  by  Vexcel  Corporation  of  Boulder,  Colorado.  Final 
products  will  be  distributed  through  the  ASF  and  the 
National  Snow  and  Ice  Data  Center  which  are  both  NASA 
Distributed  Active  Archive  Centers  (DAACs).  The  mosaics 
and  ancillary  information  will  be  prepared  on  CDROM  and 
will  be  made  available  to  the  science  community  through 
NASA  DAACs. 

HI.  Science  Opportunities 

The  international  research  community  is  providing  guidance 
through  the  Antarctic  Mapping  Advisory  Group.  AMAG  is 
tasked  with  helping  assure  that  science  opportunities 
envisioned  for  the  program  (as  summarized  on  table  1)  can 
be  achieved  with  the  mission  plan,  data  reduction  algorithms 
and  final  product  suite.  These  opportunities  include 
studying  the  dynamics  and  variability  of  the  Antarctic  Ice 
Sheet  including  studies  of  regions  like  the  Wordie  Ice  Shelf 
and  the  Larsen  Ice  Shelf  which  have  recently  experienced 
unexplained  and  very  rapid  retreat.  Geologic  applications 
include  large  scale  mapping  of  faults,  volcanic  features,  and 
studies  of  mountain  building  processes  (particularly  the 
Transantarctic  Mountains).  Data  are  also  expected  to  assist 
in  the  development  and  implementation  of  policies  for 
managing  the  Antarctic  environment  (Jezek  and  Everett, 
1995).  Finally,  there  is  simply  the  unprecedented 
opportunity  to  use  these  digital  maps  in  studies  of  many 
previously  unexplored  areas  of  the  Southern  Continent. 


Table  1 

RADARSAT:  THE  ANTARCTIC  MAPPING  PROJECT 
SCIENCE  OPPORTUNITIES 

GLACIOLOGY 

*  Ice  sheet/stream  flow  regimes  (fast  glacier  flow,  relict 

features,  outlet  glaciers) 


*  Stability  of  West  Antarctic  Ice  Sheet  (grounding  lines, 
surface  velocities) 

*  Ice  sheet  mass  balance  (calving  rates,  ice  sheet  margins, 
topography) 

*  Surface  melt  regimes 

GEOLOGY 

*  Uplift  of  the  Transantarctic  Mountains  (Fault  and 
lineament  mapping) 

*  History  of  subduction  beneath  the  Antarctic  Peninsula 

*  Geologic  mapping  (Sirius  Formation) 

*  Vulcanology 

GEOMORPHOLOGY 

History  of  glaciation  (moraines,  raised  beaches) 

ENVIRONMENTAL  MONITORING 

*  Fuel  spills 

*  Camp  and  airstrip  construction _ 


Figure  3,  This  JERS-1  scene  of  Ross  Island, 
Antarctica  (center)  illustrates  the  kind  of  imagery 
that  will  be  incorporated  into  the  RADARSAT 
digital  mosaic.  Shear  lines  appear  diagonally 
across  the  Ross  Ice  Shelf  (lower  right).  The  bright 
finger  of  ice  (left  center)  extending  from  Ross 
Island  is  the  Erebus  Ice  Tongue.  McMurdo 
Station  is  located  on  the  tip  of  Hut  Point  Peninsula 
(left  center).  The  bright  patch  of  intersecting 
lines  just  to  the  lower  right  of  McMurdo  Station  is 
the  Williams  Field  airstrip. 
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Abstract. — The  McMurdo  Ground  Station  (MGS),  a  satellite 
receiving  facility  on  Ross  Island,  Antarctica,  was  installed  in 
December  1994  by  the  Ground  Networks  Division  of  NASA 
in  concert  with  the  Office  of  Polar  Programs  of  NSF.  Its 
original  purpose  was  to  acquire  synthetic  aperture  radar  (SAR) 
data  from  the  Canadian  RADARSAT  spacecraft,  which  was 
launched  in  November  1995.  To  test  the  system,  SAR  data 
from  the  European  ERS-1  spacecraft  was  successfully  acquired 
by  MGS  in  January  1995  and  processed  at  the  Alaska  SAR 
Facility  (ASF).  The  role  of  the  MGS  has  expanded  to  include 
other  SAR  missions,  and  its  first  major  role  is  to  support  the 
ERS-1  and  ERS-2  tandem  mission.  The  tandem  mission 
should  collect  three  complete  coverages  of  the  McMurdo 
mask  during  the  first  half  of  1996.  In  late  spring  MGS  will 
start  receiving  and  recording  SAR  data  from  RADARSAT. 
Data  recorded  in  summer  is  expected  to  be  shipped  every  two 
weeks;  all  winter  data  will  be  shipped  on  the  first  flight  out 
in  the  spring.  Electronic  transfer  of  the  data  out  of  the 
Antarctic  is  desirable,  but  the  large  quantity  of  data — as  much 
as  30-40  GBytes  per  day — makes  this  a  challenge.  Efforts  to 
develop  such  a  capability  continue. 

INTRODUCTION 

In  1990  the  need  for  a  ground  station  to  receive  synthetic 
aperture  radar  (SAR)  data  from  satellites  at  a  high  southern 
latitude  was  recognized.  SAR  satellites  were  scheduled  to 
come  on-line  soon.  Some  of  those  planned  did  not  have  on¬ 
board  recorders  sufficient  to  accommodate  storage  of  SAR  data 
collected  over  Antarctica.  Therefore,  it  was  decided  to  collect 
Antarctic  data  on  the  continent  via  a  direct  downlink.  To 
cover  a  large  portion  of  the  Antarctic,  a  station  at  McMurdo 
was  proposed.  In  December  of  1994  NAS  A- Wallops  and  NSF 
staff,  aided  by  contractors,  installed  a  receiving  facility  at 
McMurdo  Station  on  Ross  Island,  Antarctica  (77.8°S, 
166.7°E)  for  reception  of  data  streams  from  satellites;  it  is 
called  the  McMurdo  Ground  Station  (MGS). 

While  the  primary  interest  initially  was  in  having  a 
receiving  site  for  the  Canadian  RADARSAT  spacecraft,  the 
first  satellite  data  received  was  for  test  purposes  from  ERS-1 . 
The  test  data  was  successfully  received  and  processed  in  early 
1995.  ERS-1  and  ERS-2  reception  for  research  purposes  has 


commenced.  RADARSAT  data  will  be  received  after  the 
completion  of  the  spacecraft’s  commissioning  phase.  All  of 
these  spacecraft  have  data  rates  in  the  100  megabits  per  second 
(Mbs)  range. 


Fig.L  Antarctic  receiving  stations. 

Graphic  by  John  Crawford,  JPL. 

The  SAR  reception  at  MGS  will  mean  that  real-time  down¬ 
link  data  from  SAR  satellites  is  now  possible  for  all  of 
Antarctica,  as  shown  in  Fig.l,  because  of  the  coverage 
afforded  by  three  receiving  stations:  one  at  O’Higgins  Station 
on  King  Island,  operated  by  the  University  of  Chile, 
Santiago,  for  the  Deutsche  Forschungsanstalt  fiir  Luft  und 
Raumfahrt  (DLR);  one  operated  by  the  Japanese  National 
Institute  for  Polar  Research  at  Syowa;  and  MGS.  Only  MGS 
will  be  operational  for  12  months  per  year,  but  depending  on 
the  success  of  a  satellite  data  link,  austral  winter  data  may  of 
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necessity  be  stored  at  McMurdo  until  it  can  be  removed  in 
spring,  according  to  current  data-handling  capabilities.  The 
SAR  signal  data  is  stored  on  Ampex  DCRSi  cassettes  which 
will  be  flown  to  the  Alaska  SAR  Facility  (ASF)  where  they 
will  be  processed  into  images  and  distributed  to  approved 
users^. 

In  1992,  NASA  and  NSF  agreed  that  it  would  be  beneficial 
and  feasible  to  construct  a  ground  station  capable  of  receiving 
satellite  SAR  and  other  high  data  rate  signals  at  NSF's 
McMurdo  Station  in  Antarctica.  These  discussions  led  to  a 
Memorandum  of  Agreement  (MO A)  between  NSF  and  NASA 
for  spacecraft  tracking  and  data  acquisition  there.  The  MOA 
stipulates  the  shared  responsibilities  for  the  installation  and 
operation  of  the  MGS.  NASA  Wallops  Flight  Facility,  with 
the  assistance  of  the  NSF,  installed  the  ground  station  and 
radome  during  the  1994/95  Antarctic  summer  season  (October 
1994-February  1995). 

DESCRIPTION  OF  THE  MCMURDO  GROUND 
STATION 

The  McMurdo  Ground  Station  consists  of  the  antenna  site, 
located  on  a  hilltop  2  km  north  of  McMurdo;  a  control  room, 
located  in  the  Crary  Science  and  Engineering  Center  (CSEC) 
in  central  McMurdo  Station;  and  a  boresight  antenna  verifica¬ 
tion  system,  located  on  Observation  Hill.  The  antenna  site 
includes  a  10  meter  autotracking  antenna  system  (see  Fig. 2), 
housed  in  a  radome  (see  Fig.3);  and  a  control  building  which 
contains  the  receiving  equipment,  a  local  control  computer 
system,  and  three  High  Density  Data  Recorders  (HDDRs) 
capable  of  recording  serial  data  at  rates  up  to  107  Mbps.  The 
antenna  system  receives  downlink  telemetry  and  can  autotrack 
signals  in  either  S-Band  or  X-Band.  Acquisition  is  usually 
done  with  S-Band  and  autotracked  in  X-Band  once  tracking 
consistency  is  established. 

The  control  room  is  connected  to  the  antenna  site  via  fiber 
optic  lines.  The  Crary  facility  is  designed  as  the  operations 
center;  access  to  the  antenna  site  is  required  only  occasionally. 

The  HDDRs  are  used  to  record  two  copies  of  every  down¬ 
link  (one  as  a  back-up).  The  primary  copy  is  shipped  and  the 
back-up  copy  held  until  receipt  of  an  acknowledgment  and 
readability  of  the  prime  copy.  The  Data  Quality  Monitor  is  an 
on-site  determination  of  the  quality  of  the  data  being  recorded. 
Given  that  tape  shipment  may  have  to  wait  through  an  entire 
winter  season,  assurance  that  good  data  is  being  recorded  is 
important. 

The  CSEC  control  room  includes  a  computer  control 
system,  three  HDDRs,  a  Data  Quality  Monitor  system,  and  a 
Store  and  Forward  system. 


^ERS-I,  ERS-2,  and  RADARSAT data  handled  by  the  Alaska  SAR 
Facility  can  be  distributed  only  to  approved  Users.  To  initiate  the 
process  of  becoming  an  approved  User  contact  ASF  User  Services 
at  uso@ eosims.asfalaska.edu. 


Fig. 2.  10  meter  antenna  at  McMurdo 
Station,  before  installation  of  radome. 


Fig. 3.  Radome  at  McMurdo  Station.  Photo  by  Frank  Carsey. 


RADAR  DATA 

NSF  and  NASA  plan  to  operate  MGS  on  a  24-hour 
availability  basis.  In  operation  MGS  is  expected  to  receive, 
record,  and  send  (to  ASF)  SAR  signal  data  from  ERS-1  and 
ERS-2,  and  RADARSAT.  The  acquisition  of  ERS-1  and 
ERS-2  data  is  particularly  interesting  as  the  two  satellites  are 
currently  flying  in  the  same  orbit  in  a  1-day  separation  so  that 
radar  interferometry  for  topography  and  change  studies  will  be 
possible.  RADARSAT  data  reception  is  anticipated  by  late 
spring  after  the  usual  satellite  commissioning  period. 
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SCHEDULING 


ASF  will  provide  the  scheduling  for  the  SAR  acquisitions 
at  MGS.  ASF,  as  the  prime  contact  with  other  national  space 
agencies  for  SAR  remote  sensing,  will  establish  spacecraft 
instrument  schedules  for  user  data  requests  such  that  any 
conflicts  with  other  MGS  activities  are  reconciled. 

FUTURE 

The  MGS  has  a  bright  future  to  provide  a  wide  range  of 
data  acquisition  and  spacecraft  tracking  services,  owing  largely 
to  its  high  latitude  location. 

Clearly,  the  present  system  of  mailing  data  cassettes  to 
Fairbanks  after  being  flown  from  McMurdo  to  New  Zealand 
is  only  one  approach  to  data  transfer;  it  was  selected  because 
electronic  transfer  for  the  anticipated  data  acquisition  schedule 
would  be  a  significant  expense. 

The  McMurdo  Ground  Station  is  functioning  and  seems  to 
be  a  very  satisfactory  source  of  data.  It  stands  as  a  good 
example  of  interagency  collaboration. 
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Abstract —  In  October  of  1996  the  RADARSAT  SAR  will 
acquire  high  resolution  C-band  radar  data  over  the  entirety  of 
Antarctica.  The  mission  will  last  for  a  period  of  about  18 
days,  during  which  12  hours  of  data  or  approximately  3300 
SAR  images  will  be  acquired.  A  substantial  effort  will  be 
undertaken  at  the  Alaska  SAR  Facility  to  ensure  that  all 
downlinked  data  is  successfully  acquired.  To  support  calibra¬ 
tion  of  the  dataset,  two  transponders  have  been  built  and 
deployed  in  Antarctica.  These  transponders,  together  with 
other  calibration  targets  in  Alaska,  Canada  and  Brazil  will  be 
used  to  calibrate  the  data. 

INTRODUCTION 

The  RADARSAT  Antarctic  Mapping  Mission  (AMM) 
represents  the  first  effort  to  generate  a  high  resolution  radar 
map  over  100%  of  Antarctica  from  space.  RADARSAT,  a 
Canadian  satellite  launched  in  November  1995,  carries  a 
single-polarization  right-looking  SAR.  In  October  of  1996 
the  spacecraft  will  be  turned  around  in  orbit  to  produce  a  left¬ 
looking  SAR  which,  through  use  of  the  RADARSAT  pro¬ 
grammable  beams,  will  image  the  entire  Antarctic  landmass. 

Over  a  period  of  18  days,  roughly  12  hours  of  SAR  data, 
representing  over  3600  100  x  100  km  scenes  will  be  acquired. 
The  data  from  the  SAR  will  be  recorded  on  tape  and  down¬ 
linked  to  the  Alaska  SAR  Facility  (ASF)  in  Fairbanks, 
Alaska,  and  to  the  Gatineau  and  Prince  Albert  stations  in 
Canada.  The  data  downlinked  at  the  Canadian  stations  will  be 
shipped  to  Alaska  via  courier. 

All  of  the  AMM  data  will  be  calibrated  and  processed  at 
ASF.  This  data  will  then  be  provided  to  the  staff  at  the  Byrd 
Polar  Research  Institute  at  the  Ohio  State  University,  where 
the  RADARSAT  Antarctic  Mapping  System  will  be  used  to 
synthesize  the  actual  digital  mosaic.  The  mosaic  is  expected 
to  be  an  important  dataset  in  the  fields  of  Glaciology, 
Geology  and  Geomorphology  in  Antarctica. 

All  spaceborne  SARs  have  orbital  inclinations  of  97°  to 
98°,  with  sensors  looking  sideways  on  the  north  side  of  the 
satellite  track.  For  this  reason,  there  is  a  large  region  around 
the  south  pole  where  no  data  has  ever  been  acquired.  To 
accomplish  the  mapping,  the  RADARSAT  spacecraft  will 
actually  rotate  around  to  point  the  SAR  antenna  in  the  south¬ 
looking  mode. 
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VALIDATION  OF  DATA  DURING  THE  AMM 

During  the  18-day  mission,  it  is  critical  that  any  lost  data 
be  re-acquired  while  in  the  south-looking  mode  if  possible. 
For  this  reason  an  extensive  validation  will  be  performed  on 
all  data  at  ASF.  The  data  will  be  scanned  to  produce  detailed 
scan  results  files.  These  files  outline  the  location  and  quality 
of  the  data.  The  files  will  be  analyzed  for  any  sensor 
problems  and  forwarded  to  Ohio  State  to  verify  that  the 
correct  coverage  was  obtained.  Selected  scenes  around  the 
perimeter  of  the  continent  will  be  Quick  Look  processed  to 
verify  overlapping  coverage.  All  mapping  data  is  expected  to 
be  scanned  within  36  hours  of  arrival  at  ASF. 

CALIBRATION  OF  ASF  DATA 

Calibration  requirements  for  AMM  data  processed  at  ASF 
can  be  inferred  from  the  science  requirements  [1]  placed  on  the 
output  map.  The  quality  of  the  output  map  is  dependent  upon 
both  the  quality  of  the  SAR  images  produced  by  ASF  and  the 
RAMS  resampling  algorithms.  Without  proper  calibration, 
synthesis  of  the  map  becomes  difficult,  and  some  kinds  of 
quantitative  analysis  would  be  impossible  with  the  map. 

TABLE  I 

Calibration  Requirements  for  The  Antarctic  Map 


Georeferencing  ±300  m 

Distortion  ±50  m  in  100  km 

Absolute  Radiometric  ±2  dB 

Relative  Radiometric _ ±1  dB 


The  Alaska  SAR  Facility  is  an  end-to-end  system  of  data 
reception,  archive,  processing  and  distribution.  The  SAR 
Processing  System  consists  of  multiple  SAR  processors,  a 
central  controller  and  the  Product  Verification  Subsystem. 
The  Product  Verification  Subsystem  generates  a  calibration 
parameter  file  for  each  RADARSAT  beam  mode,  which  is  in 
turn  used  by  the  SAR  processors  to  process  calibrated  data. 

The  calibration  parameter  files  are  created  after  analysis  of  a 
sufficient  number  of  images  to  achieve  the  desired  accuracy. 
Images  analyzed  consist  of  two  target  types:  point  targets 
such  as  corner  reflectors,  and  distributed  targets  such  as  the 
Amazon  tropical  rainforest.  Point  targets  are  used  to  verify 
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geometric  and  radiometric  quality  and  to  set  the  absolute  and 
relative  radiometric  calibrations.  Distributed  targets  are  used 
mainly  to  verify  the  in-flight  antenna  patterns  of  the 
instrument. 

The  primary  concern  with  calibration  of  AMM  data  is  with 
the  SAR  antenna  itself.  The  sun  will  be  striking  the  side  of 
the  antenna  which  is  normally  always  in  shade.  This,  coupled 
with  the  maneuver  itself,  could  result  in  slight  physical 
deformation  of  the  antenna.  If  not  properly  compensated  for 
in  the  processor,  this  could  introduce  significant  errors  into 
the  dataset.  Therefore,  the  antenna  patterns  will  be  verified 
immediately  following  the  attitude  change  to  the  left-looking 
configuration.  This  verification  will  be  accomplished  by 
imaging  selected  sites  in  the  Amazon  basin  where  the 
normalized  radar  cross  section  profile  is  well  characterized. 
Measurements  made  at  various  points  in  the  antenna  pattern 
using  precision  transponders  provide  a  second  method  of 
verifying  the  antenna  patterns. 

AMM  TRANSPONDERS 

The  Environmental  Research  Institute  of  Michigan  (ERIM) 
built  and  deployed  two  active  transponders  to  support  the 
AMM.  The  transponder  characteristics  [2]  are  presented  in 
Table  IL  Location  of  these  transponders  in  Antarctica  helps  to 
tie  down  sensor  calibration  and  orbit  determination  in  the 
southernmost  portion  of  the  orbit.  A  total  of  approximately 
120  images  will  be  acquired  over  these  two  devices. 


TABLE  II 

Design  Characteristics  for  the  ERIM  AMM 
Transponders 


Frequency 

5.3  GHz 

Antenna  Type 

Planar  Cavity- 
Backed  Spiral 

Antenna  Polarization 

Circular 

RF  Bandwidth 

300  MHz 

Incidence  Angle  Range 

0°  to  60° 

RCS  Stability 

±0.5  dB 

RCS  Accuracy 

±1  dB 

Operating  Temperature 

-60°C  to  -i-50°C 

External  Power 

115  VAC  @  3A 

Current  plans  for  the  acquisition  of  the  map  call  for  the  use 
of  beams  Standard  1  through  Standard  7  and  Extended-High  4. 
Together,  these  beams  represent  an  incidence  angle  range 
from  20°  to  57°.  To  support  long  periods  of  unattended 
operation,  the  ERIM  transponders  were  designed  using  wide 
beam  width  antennas  which  eliminated  the  need  to  align  the 
transponder  with  the  SAR  antenna.  The  calibration 
requirements  for  these  devices  are  met  using  look-up  tables 
for  temperature  correction  and  transponder  antenna  pattern. 


One  transponder  is  located  at  McMurdo  station,  the  other  at 
the  south  pole  station.  Initial  testing  has  been  done  with 
ERS-1  and  ERS-2,  and  will  be  extended  to  RADARS  AT 
once  the  spacecraft  is  deemed  operational.  The  McMurdo 
transponder  will  be  operated  year  around  to  support  the 
McMurdo  receiving  ground  station.  The  transponder  at  the 
south  pole  station  will  only  be  operated  in  support  of  the 
AMM. 

In  addition  to  the  ERIM  transponders,  the  Canadian  Space 
Agency  has  agreed  to  provide  use  of  their  four  precision 
transponders.  These  devices  provide  relative  and  absolute 
accuracies  of  ±0.15  and  ±0.25  dB  respectively  [3].  There  is 
also  an  array  of  eleven  2.4  m  comer  reflectors  located  in 
Alaska  which  provide  relative  and  absolute  accuracies  of 
±0.4  dB  and  ±1.2  dB  respectively  [4].  Two  more  ERIM- 
built  transponders  may  be  deployed  in  Alaska  by  the  time  the 
mapping  occurs. 

Due  to  restrictions  on  tape  recorder  use,  the  datatakes  over 
the  two  transponders  in  Antarctica  will  be  downlinked  directly 
to  the  McMurdo  ground  station.  Logistical  problems  prevent 
full  validation  of  those  datatakes  until  long  after  the  AMM. 
To  guarantee  a  successful  mapping,  datatakes  scheduled  over 
calibration  devices  in  Canada  and  Alaska  will  be  sufficient  to 
perform  the  calibration  even  if  all  the  Antarctic  transponder 
datatakes  are  lost. 


Fig.  1.  One  of  the  ERIM  transponders  deployed  for 
testing  at  McMurdo.  Photo  by  Kenneth  Jezek. 


REPORTING  OF  RESULTS 

Following  the  18-day  mission,  a  brief  report  summarizing 
the  passes  acquired,  any  passes  lost  and  data  quality  for  the 
dataset  will  be  produced.  After  the  entire  AMM  dataset  has 
been  analyzed  and  calibrated,  a  report  will  be  published  sum¬ 
marizing  the  results.  Analysis  of  the  output  map  will  be  per¬ 
formed  to  ensure  that  the  radiometric  calibration  was 
preserved. 
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ABSTRACT:  A  threshold  retracking  algorithm  for 

processing  ice-sheet  altimeter  data  is  presented.  We 
performed  extensive  comparisons  between  the  threshold 
algorithm  and  three  other  ice-sheet  retracking  algorithms. 
The  algorithm  comparisons  were  made  using  Seasat  and 
Geosat  datasets  comprised  of  over  30,000  crossover  points. 
Our  results  show  that  the  threshold  retracking  algorithm 
produces  ice-sheet  surface  elevations  that  are  more  repeatable 
than  the  elevations  derived  from  all  the  other  retracking 
algorithms.  For  analysis  of  long-term  change  in  ice-sheet 
surface  elevations,  it  is  critical  that  a  retracking  algorithm 
produce  repeatable  elevations.  The  more  consistent  an 
algorithm  is  in  selecting  the  retracking  point  the  less  likely 
that  biases  will  be  introduced  by  the  retracking  scheme  in  the 
elevation  change  measurement.  For  this  reason,  the  robust 
threshold  retracking  algorithm  has  been  adopted  by 
NASA/GSFC  as  an  alternative  to  their  existing  algorithm  for 
production  of  ice-sheet  altimeter  datasets  under  the  NASA 
Pathfinder  program.  The  threshold  algorithm  will  be  used  to 
re-process  existing  ice- sheet  altimeter  datasets  and  to  process 
the  datasets  from  future  altimeter  missions. 


INTRODUCTION 

All  altimeter  data  over  the  ice  sheets  must  be 
post-processed  to  produce  accurate  surface  elevation 
measurements.  This  post-processing  is  called  "retracking" 
and  is  required  because  the  leading  edge  of  the  ice- sheet 
return  "waveform"  deviates  from  the  on-board  altimeter 
tracking  gate,  causing  an  error  in  the  telemetered  range 
measurement.  A  return  "waveform"  is  the  received  power 
sampled  at  the  satellite  and  results  from  the  interaction  of  the 
altimeter's  transmitted  pulse  with  the  scattering  surface  or 
volume  directly  beneath  the  altimeter.  Retracking  altimetry 
data  is  done  by  computing  the  departure  of  the  waveform's 
leading  edge  from  the  altimeter  tracking  gate  and  correcting 
the  satellite  range  measurement  (and  surface  elevation) 
accordingly.  Fig.  1  illustrates  this  concept. 

Martin  et  al  [1]  developed  the  first  retracking  algorithm 
for  processing  altimeter  waveforms  from  the  continental  ice 
sheets.  This  algorithm,  hereafter  referred  to  as  the  NASA 


algorithm,  was  used  by  Zwally  et  al  [2]  to  measure  the 
growth  of  the  Greenland  ice  sheet.  The  NASA  algorithm  fits 
a  5  or  9  parameter  function  to  return  waveforms  that  is  based 
upon  Brown’s  surface  scattering  model  [3].  The  European 
Space  Agency  (ESA)  uses  an  empirical  Offset  Center  of 
Gravity  (OCOG)  technique  to  produce  ice-sheet  data 
products  from  the  ERS-1/2  satellites  [4].  The  ESA  algorithm 
computes  a  rectangular  box  with  the  same  area  as  the 
edtimeter  waveform.  The  ESA  retracking  point  is  determined 
using  a  threshold  crossing  of  25%  of  the  rectangle’s 
amplitude.  Davis  [5]  developed  the  S/V  retracking  algorithm 
using  a  model  based  upon  a  combination  of  surface  and 
volume  scattering.  This  was  the  first  retracking  algorithm  to 
include  a  volume  scattering  term  to  describe  ice-sheet 
altimeter  waveforms. 


WAVEFORM 

AMPLITUDE 


Figure  1.  Typical  ice-sheet  altimeter  waveform  illustrating 
the  retracking  correction,  AR,  that  must  be  applied  to  correct 
for  deviation  of  the  waveform’s  leading  edge  from  the 
on-board  altimeter  tracking  gate. 

Given  the  wide  variety  of  retracking  algorithms  available 
for  processing  ice- sheet  data,  it  is  a  daunting  task  for  data 
users  who  are  not  well  versed  in  the  fundamentals  of 
altimetry  to  select  from  these  various  methods.  All  the 
algorithms  have  their  own  unique  advantages  and 
disadvantages,  and  it  is  generally  accepted  that  no  single 
algorithm  can  meet  the  diverse  needs  of  all  ice-sheet 
altimetry  data  users.  Recently,  by  comparing  the 
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repeatability  of  surface  elevations  from  the  various  retracking 
algorithms,  Davis  [6]  demonstrated  that  the  NASA  algorithm 
introduced  significantly  larger  errors  into  the  ice-sheet 
elevations  than  the  other  three  algorithms  used  in  the  study. 
In  addition,  the  NASA  algorithm  was  shown  to  produce 
ice-sheet  growth  estimates  that  were  30-55%  larger  than  the 
other  three  algorithms,  which  all  produced  nearly  identical 
results. 

Another  important  result  from  this  study  was  that  a  simple 
thresholding  scheme  could  perform  as  well  or  better  than  all 
the  other  retracking  algorithms  from  a  repeatability 
standpoint.  In  attempting  to  measure  ice-sheet  elevation 
change  it  is  extremely  important  to  use  an  algorithm  that  is 
consistent  in  its  selection  of  the  waveform  retracking  point. 
The  more  consistent  an  algorithm  is  in  selecting  the 
retracking  point  the  less  likely  that  biases  will  be  introduced 
by  the  retracking  scheme  in  the  elevation  change 
measurement. 

THRESHOLD  RETRACKING  ALGORITHM 


WAVEPC«M 

AMPUTIBE 


SATELLITE  RAMJE 

Figure  2.  Ice-sheet  altimeter  waveform  illustrating  the 
threshold  retracking  method.  Note  that  the  threshold  level  is 
referenced  to  a  percentage  of  the  maximum  waveform 
amplitude  above  the  pre-leading  edge  DC  level. 


In  this  section  we  develop  a  threshold  retracking  scheme 
that  is  primarily  intended  for  use  in  measuring  ice  sheet 
elevation  change.  It  is  therefore  important  to  ensure  that  the 
algorithm  produces  consistent  elevation  measurements,  and 
this  will  be  addressed  in  the  following  section. 

For  basic  threshold  retracking,  the  position  on  the  leading 
edge  of  the  return  waveform  is  found  by  locating  the  first 
range  bin  to  exceed  a  percentage  of  the  maximum  waveform 
amplitude.  For  Seasat  and  Geosat  altimeter  data  this  is 
complicated  by  the  fact  that  a  DC  bias  exists  in  the  range  bins 
preceding  the  location  of  the  actual  return  waveform  (see  Fig. 
1).  The  magnitude  of  the  DC  bias  is  different  for  the  two 
satellites  and  is  also  known  to  vary  with  location  and  time  in 
a  given  satellite  dataset.  These  variations  cause  the 
leading-edge  retracking  point  to  vary  considerably  if  the 
threshold  level  is  referenced  only  to  the  maximum  waveform 
amplitude.  To  overcome  this  problem,  the  threshold 
retracking  scheme  adopted  here  is  referenced  to  a  percentage 
of  the  maximum  waveform  amplitude  above  the  pre-leading 
edge  DC  level.  Fig.  2  illustrates  this  concept. 

The  mathematical  formulation  of  the  threshold  algorithm 
is  very  straightforward.  Let  the  array  of  waveform  data 
samples  be  WD^^,  where  n  is  the  range  gate  number  (e.g.  0-59 
for  Seasat/Geosat  data).  First,  the  maximum  amplitude  of  the 
waveform  data  array,  A^,  is  found,  where 

Amax  =  max(WDn)  •  (^) 


Next,  an  estimate  of  the  pre-leading  edge  DC  level  is 
obtained.  This  estimate  is  computed  using  the  first  five 
unaliased  waveform  samples 


where  n  is  the  location  of  the  first  unaliased  waveform 
sample.  For  Seasat  and  Geosat  data  there  are  no  aliased 
waveform  samples,  consequently  n  =  0.  However,  for 
ERS-1/2  data,  the  first  4  to  6  waveform  samples 
(approximately)  contain  aliased  amplitudes  that  should  not  be 
used  in  the  estimation  of  the  DC  level.  It  should  be  pointed 
out  that,  unlike  Seasat/Geosat  data,  the  DC  level  in  ERS-1/2 
data  is  very  small  and  believed  to  be,  for  the  most  part, 
inconsequential  in  its  effect  on  the  variability  of  the  threshold 
retracking  level.  However,  the  DC  level  estimation  is 
included  for  the  ERS  data  to  ensure  that  the  retracking 
scheme  is  consistent  for  all  the  satellite  datasets.  Once  the 
DC  level  estimate  is  obtained,  the  threshold  level  is  then  set 
to  be 

TL  =  DC  +  TqoefF  (^max  “*  DC) ,  (3) 


where  Tcqeff  is  the  percentage  of  the  maximum  waveform 
amplitude  above  the  DC  level.  In  order  to  provide  greater 
precision,  the  retracking  location  on  the  leading  edge  of  the 
waveform,  n^^^  is  linearly  interpolated  between  the  bins 
adjacent  to  the  threshold  crossing  using 


Hret  =  (n-1)  + 


TL-WDa_i 

WDii-WD«_i  ’ 


(4) 


where  n  is  the  location  of  the  first  gate  to  exceed  the 
threshold  level.  Note  that  the  second  term  in  (4)  can  become 
undefined  when  WD-=WD-_j  ,  and  in  this  case  the 

retracking  location  is  set  equal  to  the  first  term,  n^^^  =  n  -  1 . 
Finally,  the  correction  to  the  telemetered  altimeter  range 
measurement  (and  surface  elevation)  is  given  by 


AR  =  G2m  (nret  “  ntr)  (m) .  (5) 


(2) 
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where  is  the  on-board  altimeter  tracking  gate  (see  Fig.  1) 
and  is  the  conversion  factor  from  gates  to  meters.  For 
Seasat  and  Geosat,  n^^  =  29.5  and  62^  =  0.4684375  m/gate. 

THRESHOLD  LEVELS 

Because  of  the  wide  range  of  applications  for  ice-sheet 
altimetry  data,  several  different  threshold  levels  are  used  to 
retrack  the  altimeter  waveforms  and  generate  the 
corresponding  range/elevation  corrections.  Advantages  and 
disadvantages  for  each  of  the  threshold  levels  are  discussed  to 
help  the  user  identify  the  correction  that  is  best  suited  for 
their  specific  application. 

10%  Level 

As  mentioned  before,  the  threshold  retracking  algorithm 
was  primarily  developed  for  measuring  ice-sheet  elevation 
change  using  altimeter  crossover  datasets.  Crossover 
datasets  are  comprised  of  the  altimeter  waveforms 
immediately  adjacent  to  sub-satellite  crossing  points  of 
successive  altimeter  orbits.  The  more  consistent  an 
algorithm  is  in  selecting  the  retracking  point,  the  less  likely 
that  biases  will  be  introduced  by  the  retracking  scheme  in  the 
elevation  change  measurement. 

In  order  to  determine  the  optimum  threshold  level  for 
elevation  change  detection,  we  created  three  different 
crossover  datasets:  Seasat  x  Seasat  (SxS),  Geosat-GM  x 
Geosat  GM  (GM  x  GM),  and  Geosat-ERM  x  Geosat-ERM 
(ERMxERM).  Each  of  the  datasets  contained  crossovers 
where  the  time  difference  between  the  successive  altimeter 
orbits  was  less  than  30  days.  The  standard  deviation  (SD)  of 
the  elevation  differences  for  these  datasets  is  used  as  a 
measure  of  the  algorithm's  repeatability  or  consistency.  For 
each  of  the  datasets,  the  SD  was  computed  for  threshold 
levels  from  5  to  25  %.  Fig.  3  shows  a  plot  of  the  SD  vs. 
threshold  level  for  the  SxS  dataset. 

We  see  from  the  plot  that  the  smallest  SD’s  occur  for 
threshold  levels  from  8  to  13%  for  this  dataset.  In  evaluating 
all  the  datasets,  the  10%  threshold  level  was  found  to 
consistently  produce  the  lowest  SD  values.  The  10%  level 
produces  low  SD  values  because  it  is  not  affected  by  a)  the 
noisy  nature  of  the  higher  amplitude  waveform  values  and  b) 
the  wide  variety  of  complex  waveform  shapes  that  are  typical 
of  ice  sheet  waveforms.  The  repeatability  of  the  threshold 
algorithm  steadily  worsens  as  the  level  is  increased  above  the 
10%  mark  for  these  very  reasons. 

Once  the  optimum  threshold  level  was  determined  for 
elevation  change  analysis,  we  then  compared  the 
performance  of  the  threshold  retracking  algorithm  with  the 
other  ice-sheet  retracking  algorithms.  The  SD's  of  the 
various  retracking  algorithms  were  computed  for  each  of  the 
datasets  described  above,  and  these  results  are  summarized  in 


Figure  3.  Standard  deviation  vs.  threshold  level  %  for  the 
Seasat  x  Seasat  crossover  dataset. 


Table  I.  The  results  show  that  the  NASA  algorithm  produces 
significantly  larger  SD's  than  the  ESA,  SW,  or  10%  threshold 
algorithms.  This  was  shown  by  Davis  [6]  to  be  caused  by  a 
mixing  of  the  5  and  9  parameter  functional  forms  of  the 
NASA  algorithm.  The  SD's  of  the  10%  threshold  level  are 
the  lowest  in  all  three  datasets,  indicating  that  this  algorithm 
is  more  consistent  than  any  of  the  other  retracking 
algorithms.  Thus,  the  10%  threshold  algorithm  is  best  suited 
for  obtaining  reliable  estimates  of  ice-sheet  elevation  change. 


Table  I.  Retracking  Algorithm  SD  Comparison 


Algorithm 

Seasat  x 
Seasat 

<Jsxs  (m) 

GMxGM 

^GxG 

ERMxERM 

Ogxg  (m) 

NASA 

0.77 

0.81 

1.27 

ESA 

0.58 

0.51 

1.21 

SfW 

0.59 

0.51 

1.22 

10%  Thresh. 

0.57 

0.45 

1.13 

#  of  Xovers 

1,022.00 

27,184 

5,479 

20%  Level 

Over  the  continental  ice  sheets,  it  is  widely  accepted  that 
variations  in  the  scattering  properties  of  the  surface  and 
near-surface  snow  affect  the  shape  of  the  altimeter  return 
waveform.  This  has  important  implications  for  proper 
selection  of  the  retracking  point  when  the  primary  motivation 
is  to  obtain  accurate  estimates  of  the  true  ice-sheet  elevation. 
If  a  waveform  is  completely  dominated  by  surface  scattering, 
the  half-power  point  (50%)  best  represents  the  mean  surface 
elevation  within  the  altimeter's  pulse  limited  footprint.  As 


1785 


the  strength  of  the  surface  scattering  return  is  reduced,  the 
importance  of  the  sub-surface  volume  scattered  return  is 
increased.  This,  in  turn,  causes  the  location  of  the 
mean-surface  retracking  point  to  decrease  from  50%  as  the 
volume-scattered  signal  begins  to  increasingly  dominate  the 
waveform  shape. 

The  relative  importance  of  the  volume-scattered  return 
depends  upon  the  depth  that  the  altimeter’s  incident  pulse 
penetrates  the  surface  of  the  ice  sheet.  The  depth  of 
penetration,  d^,  is  determined  by  physical  properties  of  the 
ice-sheet  surface  and  near-surface  snow  like  snow  wetness, 
grain  size,  and  density.  Studies  have  shown  that  over  the 
Greenland  ice  sheet  dp  can  vary  anywhere  from  0  to  10  m. 
Over  the  vast  majority  of  the  Antarctic  ice  sheet  the  depth  of 
penetration  varies  from  5  to  10  m.  The  larger  variation  of  dp 
in  Greenland  is  due  to  extensive  surface  melting  that  takes 
place  in  the  lower  elevations  and  latitudes  of  the  ice  sheet 
during  the  summer.  Water  is  an  excellent  reflector  and 
absorber  of  electromagnetic  energy,  and  its  presence  prevents 
the  altimeter  energy  from  significantly  penetrating  the 
surface.  In  addition,  surface  melting  and  refreezing  will 
cause  ice  layers  and  ice  lenses  to  form,  both  of  which  will 
tend  to  concentrate  the  scattering  near  the  ice- sheet  surface, 
thereby  reducing  signal  penetration.  The  surface  conditions 
of  the  Antarctic  ice  sheet  are  typically  much  colder  and  drier 
than  the  Greenland  ice  sheet,  so  consequently  the  variation  in 
dp  is  less. 

It  should  be  pointed  out  that,  in  general,  altimeter-derived 
profiles  of  a  sloping  ice-sheet  surface  will  always 
overestimate  the  true  elevation  along  the  profile  because  of 
the  wide  antenna  beamwidths  of  radar  altimeters.  This  is 
why  slope  corrections  must  be  applied  to  the  altimeter 
elevations  when  absolute  measurement  of  the  surface 
elevation  is  required.  For  the  purpose  of  the  following 
discussion  on  the  affect  of  the  threshold  level  for  measuring 
absolute  ice-sheet  elevation,  we  will  assume  that  valid  slope 
corrections  have  already  been  applied  to  the  altimeter  data. 

For  absolute  measurement  of  ice-sheet  elevation,  the  10% 
level  will  overestimate  the  true  elevation  over  areas  of  the  ice 
sheet  where  surface  scattering  or  combinations  of  surface  and 
volume  scattering  determine  the  altimeter  waveform  shape. 
The  10%  level  would  only  be  appropriate  in  instances  where 
the  altimeter  data  were  in  a  region  of  the  ice  sheet  known  to 
be  completely  dominated  by  volume  scattering,  e.g.  the 
higher  latitude  and  higher  elevation  areas  of  the  interior 
portion  of  the  ice  sheet.  The  majority  of  the  Greenland  ice 
sheet,  south  of  72°  N,  experiences  combinations  of  surface 
and  volume  scattering  so  the  10%  level  would  not  be  a  very 
good  choice  for  a  large  amount  of  this  data.  Following  the 
same  arguments,  the  50%  threshold  level  will  underestimate 
the  true  elevation  for  the  most  of  the  Greenland  ice  sheet  and 
would  only  be  appropriate  in  areas  where  surface  scattering 
dominated  the  return  signal.  When  surface  scattering 
dominates  (no  signal  penetration),  the  10%  level  can 


overestimate  the  true  elevation  by  0.5  to  1.5  m  (typically), 
and  this  depends  primarily  on  surface  roughness.  When 
volume  scattering  dominates,  the  50%  level  can 
underestimate  the  true  elevation  by  1  to  3  m  (typically). 

Corrections  based  upon  a  20%  threshold  level  are 
included  for  use  in  areas  of  the  ice  sheet  where  combinations 
of  surface  and  volume  scattering  contribute  to  the  shape  of 
the  altimeter  waveforms.  This  represents  a  compromise 
between  the  extreme  cases  of  waveforms  solely  dominated  by 
either  surface  or  volume  scattering,  and  is  suitable  for 
obtaining  a  first-order  estimate  of  the  true  surface  elevation 
for  the  majority  of  Greenland  ice  sheet  data.  In  addition,  one 
study  using  averaged  waveform  data  from  a  portion  of  the 
East  Antarctic  plateau  concluded  that  a  retracking  point  very 
similar  to  the  20%  threshold  level  closely  corresponded  to  the 
mean  ice-sheet  elevation  in  this  area.  It  should  be  pointed  out 
that  the  20%  retracking  point  provides  a  reasonable  estimate 
of  the  true  ice-sheet  elevation  in  only  an  average  sense.  This 
is  true  because  the  shape  of  individual  altimeter  waveforms 
can  and  will  differ  significantly  from  a  regional  average  for  a 
variety  of  reasons.  However,  this  approach  is  a  reasonable 
first-order  solution  to  this  complex  problem. 


50%  Level 

As  discussed  in  the  previous  section,  when  the  shape  of 
an  altimeter  waveform  is  dominated  by  surface  scattering  the 
half-power  point  represents  the  mean  surface  elevation  within 
the  altimeter's  pulse  limited  footprint.  Thus,  retracking 
corrections  are  provided  using  a  50%  threshold  level  to  give 
reasonable  estimates  of  the  absolute  elevation  for  this  case. 
Examples  of  areas  where  the  50%  level  would  be  appropriate 
include  many  of  the  ice  shelves  in  Antarctica  as  well  as  the 
southern  dome  region  of  the  Greenland  ice  sheet.  Both  of 
these  areas  are  known  to  experience  periodic  melting  and 
refreezing  in  the  summer  season.  The  melting/refreezing 
enhances  snow-grain  size  and  produces  ice  layers  and  lenses, 
all  of  which  tend  to  concentrate  the  scattering  from  the 
ice-sheet  surface  or  near  surface. 

It  should  again  be  pointed  out  that  the  vast  majority  of 
ice-sheet  altimeter  waveforms  exhibit  a  combination  of 
surface  and  volume  scattering.  Consequently,  the  use  of  the 
50%  threshold  level  over  large  areas  of  the  ice  sheets  is 
discouraged.  As  mentioned  in  the  previous  section,  the  50% 
level  can  underestimate  the  true  elevation  by  up  to  3  m  when 
used  in  areas  of  the  ice  sheet  where  surface  scattering  does 
not  dominate. 

For  elevation  change  measurements,  the  use  of  the  50% 
threshold  level  is  also  discouraged  for  the  reasons  discussed 
previously,  namely  the  inherently  noisy  nature  of  the  higher 
amplitude  waveform  values.  The  repeatability  of  the  50% 
retracking  point  is  severely  compromised  by  the  waveform 
noise.  The  10%  or  20%  levels  are  much  more  consistent  in 
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the  retracking  point  selection,  with  the  10%  level  being  the 
most  repeatable. 

THRESHOLD  LEVEL  ELEVATION  DIFFERENCES 

It  is  useful  to  provide  some  insight  into  the  magnitude  of 
the  elevation  differences  resulting  from  selection  of  the 
different  threshold  levels.  Because  of  the  wide  variety  of 
ice-sheet  altimeter  waveform  shapes  only  approximate  ranges 
for  the  elevation  differences  can  be  given.  In  general,  as  the 
width  of  the  leading  edge  of  the  altimeter  waveform  increases 
the  magnitude  of  the  elevation  difference  between  the 
different  threshold  levels  will  also  increase.  Factors  like 
surface  roughness,  surface  geometry,  and  the  amount  of 
sub-surface  signal  penetration  all  can  affect  the  waveform’s 
leading-edge  width. 

Differences  on  the  order  of  0. 1-0.9  m  between  the  10% 
and  20%  threshold  levels  can  be  expected,  and  in  isolated 
instances  this  can  approach  2  or  3  m.  The  20%  level  will 
produce  larger  satellite  range  values  and  therefore  lower 
surface  elevations  with  respect  to  the  10%  level.  Differences 
of  0.5-4.5  m  between  the  10%  and  50%  threshold  level  are 
typical,  and  in  some  cases  this  can  be  as  high  as  6  or  7  m. 
Obviously  the  50%  level  will  also  produce  lower  surface 
elevations  with  respect  to  the  10%  level.  These  typical 
values  were  found  by  comparing  the  different  threshold 
levels  on  approximately  885,000  altimeter  waveforms  from 
the  Greenland  ice  sheet.  The  statistics  from  this  comparison 
are  summarized  in  Table  II,  and  it  should  be  noted  that  the 
distribution  of  the  differences  are  approximately  Rayleigh. 
The  approximate  ranges  for  the  threshold  level  differences 
were  found  using  the  10  to  90%  range  in  their  cumulative 
distribution  functions  (CDF). 


Table  II.  Statistics  for  Threshold  Level  Differences 


Threshold 

Level 

Differences 

Mean 

(m) 

St.  Dev. 
(m) 

10%-90% 
CDF  Range 
(m) 

20%-10% 

0.50 

0.60 

0.10-0.90 

50%-10% 

2.50 

1.97 

0.50  -  4.65 

50%-20% 

2.00 

1.65 

0.35  -  3.85 

CONCLUSIONS 


A  threshold  retracking  algorithm  for  processing  ice-sheet 
altimeter  waveforms  was  presented.  The  primary  application 
of  the  threshold  algorithm  is  for  measuring  ice-sheet 
elevation  change.  The  10%  threshold  level  was  shown  to 
produce  the  most  repeatable  elevation  estimates  when 
compared  to  three  other  ice-sheet  retracking  algorithms.  This 
is  the  first  time  an  ice-sheet  retracking  algorithm  has  been 


developed  specifically  for  measurement  of  ice-sheet  elevation 
change. 

The  20%  and  50%  threshold  levels  are  provided  as 
alternative  retracking  points.  These  levels  are  intended  for 
users  interested  in  obtaining  realistic  estimates  of  the  absolute 
ice-sheet  elevation.  The  20%  level  is  appropriate  when 
combinations  of  surface  and  volume  scattering  are  expected, 
while  the  50%  level  is  appropriate  only  when  surface 
scattering  dominates  the  return  waveform  shape. 

The  threshold  retracking  algorithm  has  been  adopted  by 
NASA/GSFC  as  an  alternative  method  to  their  existing 
retracking  scheme.  Range/elevation  corrections  for  all  three 
threshold  levels  will  be  made  available  on  the  ice- sheet 
altimeter  datasets.  The  threshold  algorithm  will  be  used  for 
reprocessing  existing  Seasat  and  Geosat  datasets,  as  well  as 
the  processing  of  new  datasets  from  the  ERS-1/2  and  GFO 
satellites.  The  new  datasets  are  being  produced  under  the 
NASA  Pathfinder  program,  whose  purpose  is  to  provide 
research  quality  datasets  for  the  study  of  global  change. 
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Abstract  -  Sea-ice  concentration  as  determined  from  the  bright¬ 
ness  temperatures  of  passive  microwave  sensors  is  affected  fre¬ 
quently  by  high  values  of  atmospheric  water  vapour,  cloud  liq¬ 
uid  water,  rain  and  sea  surface  roughening  by  surface  winds. 
A  correction  scheme  for  SSM/i  taking  these  influences  into  ac¬ 
count  is  presented.  Over  open  water,  water  vapour,  liquid  water 
and  wind  determined  from  the  SSM/i  signal  serve  to  reduce  the 
brightness  temperatures  to  clear  sky  conditions  using  a  radia¬ 
tive  transfer  model.  When  applied  to  a  sample  scene,  the  pro¬ 
cedure  results  in  reduced  mean  value  for  sea-ice  extent,  sea-ice 
area  and  open  water,  but  increased  ice  concentration. 


Introduction 

Measurements  obtained  from  the  ssm/i  are  suitable  to  explore 
sea-ice-concentration  and  ice  extent.  A  problem  in  calculating 
the  sea-ice  covers  has  been  the  false  indication  of  sea-ice  over 
the  ice  free  ocean  and  at  the  ice  edge  resulting  from  the  pres¬ 
ence  of  atmospheric  water  vapour,  cloud  liquid  water,  rain  and 
sea  surface  roughening  by  surface  winds. 

Therefore  a  weather  filter  for  smmr  NASA-Team  algorithm 
based  on  spectral  information  of  the  18  and  37  GHz  channels 
has  been  previously  developed  but  a  similar  filter  for  the  SSM/i 
sensor  [2]  is  less  successful  because  the  19.35  GHz  SSm/i  chan¬ 
nels  are  closer  to  the  center  of  the  22.2  GHz  atmospheric  water 
vapour  line  [6]. 

Except  for  a  few  case  studies  completed  during  the  de¬ 
velopment  of  the  weather  filters  discussed  above  it  is  un¬ 
known  to  which  extent  they  eliminate  low  ice  concentrations 
in  the  Antarctic  in  different  seasons.  Also  unconsidered  are 
the  weather  effects  on  the  ice- concentration  calculation  in  the 
marginal  ice  zone  (MIZ).  Therefore  the  influence  of  the  me¬ 
teorological  parameters  over  the  ice  free  ocean  and  on  the  ice 
concentration  of  the  MIZ  is  corrected  by  a  new  scheme  based 
on  the  results  of  radiative  transfer  model  calculations. 


Radiative  Transfer  Calculations 

The  brightness  temperature  (Tb)  data  were  generated  with  a  ra¬ 
diative  transfer  model  developed  by  [7].  Model  radiances  are 
calculated  for  a  multilayered  plane  parallel  atmosphere  using 
Eddington’s  second  approximation  to  the  equation  of  radia¬ 
tive  transfer.  The  model  includes  the  effects  of  single  scatter¬ 
ing  from  precipitating  hydrometeors  with  the  Mie  calculation 
of  the  extinction  coefficients  being  carried  out  assuming  the 
Marshall-Palmer  drop  size  distribution  and  that  from  [10]  for 
the  solid  phase.  Drops  of  cloud  liquid  water  are  assumed  to 
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Figure  1:  Model  Tb  for  ice-free  water.  Each  level  repre¬ 
sents  a  constant  LWP  content  from  0  (lowest  level)  up  to 
0.5kg/m^  (highest  level). 


be  too  small  to  produce  scattering  at  microwave  frequencies 
so  that  only  Rayleigh  absorption  is  accounted  for.  Absorption 
coefficients  for  water  vapour  and  atmospheric  oxygen  are  also 
included  in  all  levels;  these  are  the  sole  contributors  in  levels 
not  having  cloud  as  well  as  in  the  clear  sky  case. 

Model  calculations  produce  top-of-atmosphere  Tb  for  the 
geometry  and  frequency/polarization  channels  of  the  SSm/i  in¬ 
strument.  Accuracies  of  2-3  K  in  Tb  (not  including  errors  due 
to  cloud  effects)  are  expected  with  this  model. 

The  temperature  and  emissivity  of  the  surface  (water  and 
sea-ice  types)  was  directly  given.  The  variable  surface  emis¬ 
sivity  through  the  sea  surface  roughening  by  surface  wind  was 
further  taken  into  the  algorithm.  For  this  statistically  and  em¬ 
pirically  computed  wind  induced  emissivity  changes  the  near 
surface  wind  algorithm  by  [4]  were  used.  First  radiative  trans¬ 
fer  computations  were  carried  out  over  open  water  under  clear 
sky  conditions,  and  the  algorithm  was  fitted  until  the  results 
corresponded  with  the  open  water  tie-points  of  [1]. 

The  influence  of  integrated  water  vapour,  liquid  water  path 
and  wind  on  the  Tb  of  the  SSM/i  channels  was  c^culated.  Fig.  1 
shows  three  dimensional  plots  of  the  SSm/i  channel  Tb  over 
open  water  dependent  on  the  atmospheric  parameters.  Similar 
plots  for  Tb  over  50  %  sea-ice  are  presented  in  [6]. 

Coefficients  describing  the  dependences  of  the  Tb  of  the  dif¬ 
ferent  channels  were  determined  from  multiple  regression  anal¬ 
ysis. 
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The  ice  concentration  fluctuations  in  the  MIZ  are  greatest  at 
ice  concentrations  below  50  %,  above  this  value  the  high  emis- 
sivity  of  the  sea-ice  is  most  dominant.  Thus  the  fluctuations  are 
low  within  the  ice-pack. 


Algorithms  for  the  Atmospheric  Parameters 

The  amount  of  microwave  energy  being  emitted  from  the  ocean 
surface  depends  on  the  wave  structure  and  foam  coverage  [13] 
which  are,  in  turn,  influenced  by  the  ocean  surface  wind  speed. 
Therefore  by  measuring  the  ocean  surface  microwave  emis¬ 
sion,  the  ssm/i  is  able  to  predict  ocean  surface  wind  speed. 
Microwave  emission  at  the  SSM/i  frequencies  which  is  coming 
from  the  ocean  surface  is  effectively  masked  by  the  emission 
and  attenuation  characteristics  of  the  rain  and  large  amounts  of 
water  vapour  in  the  atmosphere.  Therefore  different  rain  flags 
for  different  accurate  wind  speed  retrievals  are  used  [4].  The 
Z)-matrix  wind  speed  retrieval  algorithm  developed  by  Envi¬ 
ronmental  Research  and  Technology,  Inc,  has  the  following 
form  [8]: 

5PF  =  Co{j)^C\{j)TB{19H)  +  C2ij)TBi22V) 

+  C3ij)TB{Z7V)  +  C4(i)TB(37if) 

The  wind  speed  SW  is  given  in  meters  per  second  and  refers 
to  a  hight  of  19.5  meters  above  the  surface.  Ci{j)  are  the  D- 
matrix  coefficients,  where  j  is  the  climate  code  index  given 
by  [8].  The  good  performance  of  the  validated  wind  speed  algo¬ 
rithm  by  [4]  is  based  on  a  climate  code  which  contains  different 
seasons  and  latitude  zones. 

In  the  ssm/i  wavelength  range,  the  radiometer  signal  is  di¬ 
rectly  influenced  by  cloud  and  rain  microphysical  properties. 
The  liquid  water  path  (LWP)  estimation  is  based  on  the  emis¬ 
sion  of  the  cloud  droplets  over  the  radiometrically  cold  ocean 
surface,  A  retrieval  algorithm  by  [5]  was  implemented  and  is 
defined  as: 

LWP  13  Do  +  i9irB(19l^)H-D2ln(280  -TB(22T/)) 

-Ds  ln(280  -  Tb(37V^))  -h  ln(280  -  rB(37//)) 

Values  above  0.5kg/m^  LWP  are  masked  out  since  they  are 
influenced  by  rain  droplets  [5,  12].  The  arising  data-gaps  are 
filled  by  interpolation. 

For  the  retrieval  of  water  vapour  an  algorithmby  [  1 1]  is  used. 
This  algorithm  has  also  been  derived  using  radiosonde  mea¬ 
surements  and  radiative  transfer  calculations: 

IT  =  Eo-  EiTb{22V)  -  E^TBi^lV) 

LWP  and  W  are  given  in  kg/m^ . 


Improved  Ice  Concentration  Algorithm 

This  correction  scheme  is  useable  only  for  SSM/I  data,  since  the 
21  GHz  V-pol  channel  data  of  SMMR  were  noisy  and  therefore 
not  included  in  the  CD-ROM  data.  In  order  to  provide  a  similar 
correction  scheme  for  smmr,  the  algorithms  for  liquid  water 
path,  water  vapour  and  wind  speed  would  have  to  be  derived 
without  using  the  21  GHz  channel. 


Figure  2:  ssm/i  sea-ice  concentration  map  for  NASA-Team  on 
17  July  1995. 

In  the  first  step,  uncorrected  sea-ice  values  are  computed 
with  the  NASA-Team  algorithm.  The  Southern  Hemispheric  tie- 
point  set  and  both  weather  filters  are  used.  These  filters  merely 
mask  out  the  pixels,  which  are  recognized  as  weather  effect 
pixel  with  ice  concentrations  below  approximately  20  %,  with¬ 
out  taking  into  account  the  weather  caused  offset  on  the  Tb  of 
the  ice  pixel. 

Since  the  calculation  of  the  atmospheric  parameters  can  be 
done  over  open  water  only,  it  is  necessary  to  separate  the  pixel 
containing  ice  in  the  field  of  view  of  the  sensor  from  those  con¬ 
taining  weather  effects.  This  separation  is  realized  through  a 
number  of  thresholds  and  arising  data-gaps  are  filled  by  in¬ 
terpolation.  The  determined  meteorologicad  fields  are  then  ex¬ 
trapolated  over  all  regions  containing  ice  concentrations  less 
than  50%. 

This  procedure  allows  us  to  determine  corrected  ice  concen¬ 
trations  on  the  basis  of  reduced  Tb  dependent  on  the  individual 
atmospheric  parameters. 


Results 

The  procedure  was  applied  to  the  averaged  Southern  Ocean 
data  of  17  July  1995  as  distributed  by  [9].  Fig.  2  shows  the 
ice  concentration  resulting  from  the  NASA-Team  algorithm  in¬ 
cluding  the  fixed-threshold  weather  filters  of  [2].  In  the  upper 
part  three  regions  of  low  ice  concentration  far  apart  from  the 
ice  pack  are  to  be  seen.  The  maps  of  liquid  water  path,  water 
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Table  1:  Sea-ice  extent,  sea-ice  area,  open  water  (OW),  and 
mean  ice  concentration  derived  with  the  NASA-Team  algo¬ 
rithms  for  17  July  1995  in  the  Antarctic.  And  the  differences 


between  the  algorithms. 


Ice  (pixel) 
#  Observ. 

extent 

[lO^km^] 

area 

[10^  km^] 

OW  area 
[10®  km®] 

mean 

ice  cone. 

Old 

27500 

17187 

13151 

4036 

76.52 

New 

24893 

15558 

12462 

3096 

80.10 

Diff 

2607 

1629 

689 

940 

vapour,  and  wind  (not  shown  here)  allow  to  indentify  them  as 
active  weather  systems.  Many  weather  effects  are  masked  out 
by  the  fixed-threshold  weather  filters,  e.  g.  the  inner  region  of 
the  low  in  the  middle. 

In  the  results  of  the  same  ice  concentration  algorithm,  but 
including  the  individual  weather  correction  (not  shown  here), 
these  systems  are  completely  suppressed.  Fig.  3  shows  the  dif¬ 
ference  of  the  two  algorithms.  While  over  the  ice  pack  the  re¬ 
sults  are  identical,  over  open  water  and  over  the  MIZ  there  are 
considerable  differences.  Here  the  new  filter  leads  to  lower  ice 
extents.  This  is  confirmed  by  Tab.  1:  When  applied  to  this 
sample  scene,  the  individual  weather  correction  scheme  re¬ 
sults  in  reduced  mean  values  for  sea-ice  extent  (91%),  sea-ice 
area  (95%),  and  open  water  (77%),  but  increased  mean  ice  con¬ 
centration  (80%  instead  of  77%). 

Further  insight  into  the  role  of  the  weather  effects  in  the 
determination  of  sea-ice  from  passive  microwave  data  will  be 
gained  when  applying  the  filter  to  a  time  series  of  SSm/i  data. 
This  study  which  is  currently  in  work  will  furthermore  allow  a 
better  understanding  of  the  role  of  sea-ice  for  the  heat  exchange 
between  ocean  and  atmosphere. 
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Abstract-  The  huge  grounded  tabular  icebergs  in  the 
southern  Weddell  Sea  might  have  a  significant  influence 
on  the  sea  ice  drift,  because  they  form  a  barrier  to  the 
clockwise  circulation.  The  influence  of  these  icebergs  on 
the  sea  ice  distribution  is  studied  with  ice  concentration 
analyses  from  satellite  passive  microwave  sensors  over  an 
eleven  year  period.  Besides  total  ice  concentration  the 
fractions  of  the  two  different  types  distinguished  in  the 
NASA  Team  algorithm  are  studied.  One  is  attributed  to 
first-year  ice  and  the  other  to  deformed  ice  or  ice  with 
heavy  snow  cover.  Results  show  that  the  ice  coverage  east 
of  the  icebergs  has  changed  from  40%  to  between  80  and 
90%  in  summer.  This  happens  because  the  southward 
drifting  sea  ice  is  trapped  between  the  continent  on  the 
right  and  the  icebergs  on  the  left.  Therefore  less  ice  for¬ 
mation  in  this  area  results  in  less  heat  exchange  and  brine 
release,  which  might  effect  the  oceanic  processes  in  front 
and  under  the  ice  shelfs. 

Introduction 

In  1986  a  large  portion  of  the  Filchner  Ice  Shelf  in  the 
southern  Weddell  Sea  broke  off  and  grounded  in  front 
of  Berkner  Island.  This  of  the  grounded  icebergs  pre¬ 
vents  the  sea  ice  from  drifting  clockwise  along  the  coast. 
Fig.l  shows  the  southern  Weddell  Sea  as  measured  from 
the  thermal  infrared  channel  of  the  operational  linescan 
system  (OLS)  onboard  of  the  DMSP  satellite  series  in 
April  1992.  The  Antarctic  continent  is  masked  out  in 
white.  The  icebergs  are  located  between  boxes  I  and  II 
(see  Fig.l).  Although  the  surface  is  partially  hidden  from 
cloud  cover,  the  consolidated  ice  east  of  the  icebergs  (box 
I)  and  the  area  of  thinner  ice  west  of  the  icebergs  (box  II) 
can  be  clearly  seen  (the  darker  area  in  the  nothern  part  of 
box  I  results  from  fog  or  low  clouds  which  have  a  warmer 
top  temperature  than  the  surface).  Another  interesting 
feature  is  the  streams  along  the  peninsula  (boxes  III  and 
IV)  indicating  northward  drift  parallel  to  the  coast.  The 
icebergs  additionally  shelter  the  coast  of  the  Ronne  Ice 
Shelf  (Box  II)  from  the  drifting  sea  ice  which  is  necessary 
for  polynya  development  [1].  Therefore,  lower  ice  concen¬ 
trations  are  expected  in  this  region. 


Figure  I:  OLS  image  of  the  southern  Weddell  Sea  durng 
April  1992.  The  icebergs  are  located  between  the  boxes 
I  and  II.  The  boxes  indicate  seperately  studied  regions 
along  the  coast. 

Satellite  measurements  offer  a  good  opportunity  to 
study  the  long-term  changes  in  ice  conditions  in  the  south¬ 
ern  Weddell  Sea.  Passive  microwave  data,  because  of 
their  insensitivity  to  clouds  and  global  coverage,  are  oper¬ 
ationally  used  to  give  estimates  of  areal  ice  cover  fraction, 
i.e.  ice  concentration,  and  also,  although  limited,  informa¬ 
tion  of  ice  type.  The  period  of  study  are  the  years  1984 
through  1994.  Because  the  icebergs  gounded  at  the  end 
of  1987,  we  have  four  years  before  and  seven  years  after 
the  grounding. 

Data 

Ice  concentration  from  satellite  passive  microwave  data 
is  derived  with  the  NASA  Team  algorithm  [3].  This  al¬ 
gorithm  makes  use  of  both  the  polarization  ratio  of  the 
19  GHz  channels  (PR)  and  the  spectral  gradient  ratio 
of  the  19  and  37  GHz  channels  at  vertical  polarization 
(GR).  As  PR  gives  predominantly  a  measure  of  ice  con¬ 
centration,  GR  gives  predominantely  the  fraction  of  two 
ice  types,  which  are  in  the  Arctic  first-year  and  multiyear 
ice.  In  the  Antarctic  the  types  are  referred  to  as  type  A 
and  type  B  because  of  the  absense  of  a  multiyear  ice  sig- 
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Figure  2:  Total  and  ice  type  B  concentration  in  July  before 
(1985)  and  after  (1992)  the  grounding  of  the  icebergs. 


nature  in  the  microwave  data.  Ice  type  A  is  attributed  to 
first-year  ice  whereas  ice  type  B  has  a  lower  GR  because  of 
enhanced  scattering  resulting  from  the  ice  deformation  or 
snow  cover.  Deformed  ice  indicates  areas  of  convergence 
and  deep  snow  snow  cover  indicates  older  ice. 

For  the  years  1984  through  July  1987  the  brightness 
temperatures  from  the  scanning  multichannel  microwave 
radiometer  (SMMR)  onboard  the  Nimbus  7  satellite  were 
used.  After  the  shutdown  of  the  SMMR,  data  from  the 
special  sensor  microwave  imager  (SSM/I)  were  used  in  this 
study.  Tiepoints  for  open  water,  ice  type  A  and  ice  type  B 
are  published  in  [4]  for  the  SMMR  and  in  [2]  for  the  SSM/I. 
Fig. 2  shows  typical  winter  (July)  total  ice  concentration 
for  the  years  1985  and  1992  (top)  and  only  ice  type  B 
concentration  (bottom).  Whereas  there  is  little  difference 
in  the  total  ice  concentration,  there  is  a  stream  of  high 
ice  type  B  concentration  in  1992  visible  which  progresses 
from  the  icebergs  towards  the  main  area  of  high  ice  type 
B  concentration.  Normally  ice  type  B  is  mostly  present 
along  the  peninsula  in  fall  which  then  forced  by  the  Wed¬ 
dell  Gyre  drifts  northward  during  the  winter  season.  In 
1992  there  is  also  an  amount  of  ice  type  B  accumulated 
east  of  the  icebergs  which  is  then  also  draged  along  with 
the  general  sea  ice  drift. 


Results 


Fig. 3  presents  the  total  ice  concentration  as  well  as  the 


Box  I 


Box  II 


Box  III 


Box  IV 


Figure  3:  Yearly  average  total  ice  concentration  (solid 
line)  as  well  as  for  ice  type  A  (dashed  line)  and  ice  type 
B  (dotted  line). 


concentration  for  the  individual  ice  types  averaged  over 
each  year.  In  Box  I  the  abrupt  change  in  total  ice  concen¬ 
tration  and  in  concentration  of  ice  type  B  is  clearly  visible 
after  1988,  confirming  the  expected  accumulation  of  ice  in 
front  of  the  Filchner  Ice  Shelf.  There  is  also  a  slight  in¬ 
crease  in  ice  type  A  detectable,  which  results  from  general 
higher  ice  concentrations  during  summer.  Fig.  4  presents 
the  averages  in  total  ice  concentration  for  the  summer 
(January  through  March)  and  the  winter  (July  through 
September)  seasons.  One  can  clearly  see  the  almost  con¬ 
stant  summer  ice  concentration  until  1989  of  about  40% 
and  afterwards  of  about  80  to  90%.  Of  course  there  is 
the  natural  annual  variability  overlain  in  the  signal,  e.g. 
summer  of  1987  and  1993.  Especially  in  the  summer  of 
1993  the  ice  coverage  in  the  Weddell  Sea  was  significantly 
lower  than  in  the  other  years,  resulting  in  distinct  min¬ 
ima  in  ice  concentration  for  all  boxes.  The  less  ice  cover¬ 
age,  however,  is  compensated  during  the  freeze-up  period 
showing  no  such  signal  for  the  winter  months.  Expect  for 
Box  I  there  is  no  influnce  of  the  icebergs  seen  in  the  ice 
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Box  I 


Box  II 


Box  III 


Box  IV 


Figure  4:  Average  ice  concentration  for  months  January 
through  March  (solid  line)  and  July  through  September 
(dashed  line). 

concentration  results.  Table  1  presents  the  trends  for  the 
individual  boxes,  ice  types,  and  seasons  derived  from  a 
linear  fit.  The  only  larger  trend  is  seen  in  box  I  with  an 
average  yearly  increase  of  2.1%.  But  of  course  this  is  not 
a  long  term  trend  but  just  reflects  the  change  in  ice  con¬ 
centration  because  of  the  icebergs.  Therefore,  a  constant 
summer  ice  concentration  in  box  I  between  80  and  90% 
is  expected  for  the  following  years.  No  enhanced  polynya 
development  is  observed  in  front  of  the  Ronne  Ice  Shelf. 
Also,  the  ice  conditions  along  the  peninsula  have  not  no¬ 
tably  changed.  The  negative  trends  of  between  -1.5  and 
-2.5%  for  the  boxes  II  through  IV  result  from  the  little 
summer  ice  coverage  in  1993. 

Conclusions 

Passive  microwave  ice  concentration  analyses  have  shown 
that  the  grounded  tabular  icebergs  significantly  influence 
sea  ice  conditions  in  front  of  the  Filchner  Ice  Shelf.  The 
yearly  average  ice  concentration  has  changed  from  75  to 


Table  1:  Trends  in  %  ice  concentration  per  year  for  the 
individual  boxes,  ice  types,  and  seasons. _ 


Box  I 

Box  II 

Box  III 

Box  IV 

Year: 

A 

1.1 

-0.2 

-0.2 

-0.8 

B 

1.0 

0.1 

0.6 

1.1 

A+B 

2.1 

-0.1 

0.4 

0.4 

Summer: 

A 

2,9 

-1.5 

-1.9 

-2.4 

B 

2.3 

1.0 

1.1 

1.1 

A+B 

5.2 

-0.5 

-0.8 

-1.3 

Winter: 

A 

0.2 

0.4 

0.8 

-0.4 

B 

0.6 

-0.1 

0.1 

1.2 

A+B 

0.8 

0.3 

0.9 

0.7 

90%  after  the  grounding.  Because  this  area  is  mostly  ice 
covered  during  the  freezing  period,  less  ice  formation  will 
occur  there,  which  might  have  an  effect  on  the  complicated 
oceanic  processes  in  front  of  and  under  the  ice  shelfs.  It  is 
also  expected  that  more  or  larger  polynyas  would  develop 
in  front  of  the  Ronne  Ice  Shelf  because  the  icebergs  prevent 
the  sea  ice  from  drifting  in  front  of  the  ice  shelfs.  This 
could  not  be  measured. 
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Abstract— In  earlier  work,  it  is  shown  that  there  is  good 
agreement  between  the  full  wave  results  and  experimental 
data  or  numerical  results  based  on  Monte  Carlo  simula¬ 
tions  for  one  dimensionally  random  rough  surfaces  [1],  [3]. 
In  this  work,  the  full  wave  solutions  for  the  diffusely  scat¬ 
tered  fields  from  two-dimensional  random  rough  surfaces 
[2]  are  used  to  evaluate  elements  of  the  4x4  Mueller  ma¬ 
trix.  The  modified  Mueller  matrix  elements  are  related 
to  the  like  and  cross  polarized  radar  cross  sections  as  well 
as  to  the  relative  phase  of  the  vertically  and  horizontally 
polarized  waves.  The  4x4  Mueller  matrix  elements  com¬ 
pletely  characterize  electromagnetic  scattering  from  tar¬ 
gets  (rough  surfaces,  in  this  case).  The  full  wave  solution 
presented  here  can  be  applied  to  surfaces  with  a  wide 
range  of  roughness  scales.  Computation  time  for  the  full 
wave  Mueller  matrix  elements  is  significantly  less  than  the 
numerical  results  based  on  the  Monte  Carlo  simulations 
even  for  one-dimensional  random  rough  surfaces. 


Formulation  of  the  Problem 

The  4x4  Mueller  matrix  relates  the  incident  Stokes  vec¬ 
tor  to  the  scattered  Stokes  vector.  In  this  work,  the  mod¬ 
ified  Mueller  matrix  elements  are  evaluated.  The  upper 
left-hand  2x2  elements  are  the  conventional  like  and  cross 
polarized  scattering  cross  sections.  The  lower  right-hand 
2x2  elements  contain  relative  phase  data.  The  modified 
Stokes  vector  is  given  by 


GmO 

1 

Gml 

m?) 

Gm2 

2Re{EiEl) 

Gm3 

_  2/m  (El  ^2*)  . 

where  the  subscript  1  and  2  denote  the  vertical  and  hor¬ 
izontal  polarizations,  respectively.  For  isotropic  random 
rough  surfaces,  the  modified  Mueller  matrix  elements  in 
the  backscatter  direction  are  given  by 
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Afrnll  ^^ml2  9  0 

Mml2  Mm22  0  0 
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=  p  {/m  +  5>'i35Jrv'- )  J  (jf) 

=  p  {Re  }  (2g) 


The  quantities  are  defined  in  a  manner 

analogous  to  the  definition  of  the  incoherent  diffuse  nor¬ 
malized  scattering  cross  sections  (per  unit  area  Ay)  as 
follows 


where  the  symbol  (}  denotes  the  statistical  average.  For 
isotropic  random  rough  surfaces,  the  upper  right  2x2  ele¬ 
ments  and  lower  left  2x2  elements  vanish.  For  backscat¬ 
ter,  Mmi2  =  Mm2i  and  Mm34  =  -Mm43-  For  isotropic 
random  rough  surfaces,  the  full  wave  expression  for 
in  (3)  is  given  by  [2] 


jjj  /f«(«)  {|X(»,)P 


Jq  (v'xz'^d)  -  Jo  {VxzTd) 


-  XiVy) 


Jo  (v'xz'^d)  -  Jo  {VxzTd)  I 
p{h^,  h^)r(idrddhj:dhz  (4) 
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where  ko  is  the  free  space  wave  number,  x  is  the  surface 

height  characteristic  function,  (/i^)  and  are  the  mean 

1  /  2 

square  height  and  slope,  respectively,  Ic  ~  2  \{hr)  1(^11 
is  the  correlation  length,  Vd  is  the  distance  variable, 

V  —  /oQ  /bg  —  '^x^'x  (5) 

jbg  =  ko  ^sin 6q  cos (p^cix  +  cos O^ay  +  sin  6q  sin  (6) 

fcp  =  ko  (sin  Oq  cos  —  cos  0gdy  +  sin  0q  sin  ,  (7) 

f^^(ri)  =  D^^(n)D^^'(n)F2(n^,n^ln),  (8) 

Vxr  =  VvfTvf ,  =  l/«)^  +  (V'.f,  (9) 

v',  =  Vx  +  Vyhx  exp  j  . 

v'  =  u, +  Uy/ijexp  .  (10) 

In  (4),  p{hx^hz)  is  the  probability  density  function  for 
the  large  scale  slopes  in  x  and  z  directions  (assumed  here 
to  be  Gaussian).  In  (8),  n  is  the  unit  vector  normal  to 
the  large  scale  rough  surface,  P2  is  Saucer’s  shadow  func¬ 
tion  [6],  and  D^^{P,Q  =  V^H)  is  the  surface  element 
scattering  coefRcient  which  depends  on  the  incident  and 
scatter  angles,  the  large  scale  slopes  of  the  rough  surface, 
and  electromagnetic  characteristics  above  and  below  the 
rough  surface  [1],  [3].  element  scattering  coefficient  which 
depends  on  the  incident  and  scatter  angles,  the  large  scale 
slopes  of  the  rough  surface,  and  electromagnetic  char¬ 
acteristics  above  and  below  the  rough  surface  [1],  [3]. 
The  full  wave  expression  in  (4)  which  accounts  for  sur¬ 
face  height/slope  correlations  [1],  [3]  have  been  shown  to 
reduce  to  the  physical/geometrical  optics  solution  [4]  in 
high  frequency  limit  (when  the  root  mean  square  height 
and  radii  of  curvature  are  large  compared  to  the  wave¬ 
length)  and  to  the  small  perturbation  solution  [5]  in  low 
frequency  limit  (when  the  surface  height  and  slope  are  of 
the  same  order  of  smallness).  The  full  wave  solutions  have 
been  used  for  a  wide  range  of  rough  surface  scales. 

Illustrative  Examples 

In  the  following  figures,  the  incident  angle  is  20°.  El¬ 
ements  of  the  Mueller  matrix  for  backscatter  are  plotted 
as  functions  of  k^h  {h  is  the  rms  height).  The  electric 
permittivity  of  the  medium  below  the  surface  is  assumed 
to  be  Cr  =  5-20.07. 

In  Fig.  1,  the  Mueller  matrix  element  is  plotted 

as  a  function  of  rms  surface  height  (0  <  /cg/i  <  1),  and 
correlation  length  (1  <  koh  <  10).  In  this  broad  range  of 
rough  surface  scales,  M^n  is  largest  when  k^h  ^  1  and 
/cgZc  6.  For  surfaces  with  small  slopes  (a^  ==  4(/i^)//^), 


0.5  -r 


Fig.  1.  Modified  Mueller  matrix  element  in  the  backscatter 

direction  for  20°,  as  a  function  oi  kh  and  klc,tr  =  S-iO.OT 


Fig.  2.  Modified  Mueller  matrix  element  Mm22  in  the  backscatter 
direction  for  6q  =  20°,  as  a  function  of  kh  and  klc,€r  =  5-i0.07 

is  very  small  because  the  waves  are  essentially  scat¬ 
tered  coherently  in  the  specular  direction.  For  root  mean 
square  heights  kh  =0.5,  Mmii  is  largest  when  klc  ^  3. 
For  both  cases,  {kh  =  1,  =  6  and  kh  =  0.5,  Ic  ~  3)  this 

corresponds  to  an  rms  slope  =  0.33  (multiple  scatter 
is  significantly  smaller  than  single  scatter  for  <  0.3). 

In  Fig.  2,  Mm22  exhibits  similar  results  except  that  its 
magnitudes  are  smaller  than  those  shown  in  Fig.  1. 

Consider  the  plots  of  Mmzz  in  Fig.  3.  Since  the  order 
of  magnitude  of  (P  7^  Q)  is  usually  10”^  ~  10"^ 

times  Mmsz  ^  ^^7,44  are  primarily  related  to  the 

cosines  of  the  phase  difference  between  and  5^^. 
For  near  normal  incidence,  and  are  approxi¬ 

mately  equal  in  magnitude  and  180°  out  of  phase.  Thus, 
the  results  for  M,„33  are  similar  to  the  results  for  Mjnii 
and  Mjj-,22  except  for  the  negative  sign. 

In  Fig.  4,  Mrr,i2  (related  to  the  cross  polarized  cross 
section)  is  plotted  as  a  function  of  kh  and  klc.  It  also 
peaks  in  the  intermediate  region  where  cr^  =  0.33.  For 
small  slopes  there  is  little  depolarization.  While  Figs.  1, 
2  and  4  (for  ^,^^22  and  Mmi2)  are  similar  in  shape, 

the  level  of  is  about  20  db  lower  than  the  level  of 

A^77?ii  and  M^^-^22- 
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Fig.  3.  Modified  Mueller  matrix  element  MmZZ  in  the  backscatter 
direction  for  =  20°,  as  a  function  of  kh  and  klc^r  =  5-z0.07 


Fig.  4.  Modified  Mueller  matrix  element  Mmi2  in  the  backscatter 
direction  for  9q  =  20°,  as  a  function  of  kh  and  kicker  =  S-zO.O? 

In  Fig.  5,  M^,34  =  -Mm43  (for  backscatter)  is  plotted 
as  a  function  of  kh  and  klc^  Since  and  are  ap¬ 
proximately  180°  out  of  phase,  for  near  normal  incidence 
Im  is  very  small  compared  to  Re  ) 

and  Mm34  =  -Mm43  <  Mjn33  ~  (backscattor) . 

Thus,  in  this  example,  for  remote  sensing  at  near  nor¬ 
mal  incidence,  data  related  to  Mmii  (or  M„^22),  Mjn33 
(or  Mjn44)  and  Mn-ii2  —  (only  if  the  instrument  is 

sufficiently  sensitive)  is  most  useful. 
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Conclusion 

The  Mueller  matrix  elements  for  the  fields  scattered 
from  two-dimensional  random  rough  surfaces  have  been 
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Fig.  5.  Modified  Mueller  matrix  element  Mjn34  in  the  backscatter 
direction  for  =  20°,  as  a  function  of  kh  and  klcCr  ~  5>z0.07 

evaluated  using  the  full  wave  soution.  The  full  wave  solu¬ 
tion  can  provide  a  reliable  database  of  the  Mueller  matrix 
elements  for  two-dimensional  random  rough  surfaces  over 
a  broad  range  of  rough  surface  parameters  in  a  timely 
manner.  It  can  be  used  to  identify  the  most  useful  Mueller 
matrix  elements,  optimal  incident  (and  scatter)  angles 
and  frequency,  for  effective  remote  sensing  purposes. 
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Abstract  —  There  is  a  need  for  calibrated  remote 
sensing  data  from  airborne  platforms  emphasizing 
spatial,  spectral,  temporal,  bidirectional  and 
polarization  information  domains.  A  system 
developed  by  NASA  Goddard  Space  Flight  Center 
and  Wallops  Flight  Facility  utilizing  a  helicopter  as 
the  platform  has  proven  to  be  a  versatile  means  of 
acquiring  such  data.  As  the  system  evolved,  it  was 
used  for  the  acquisition  of  data  supporting  field 
measurement  campaigns  such  as  an  acid  deposition 
effects  study,  the  First  International  Satellite  Land 
Surface  Climatology  Project  (ISLSCP)  Field 
Experiment  (FIFE),  the  Forest  Ecosystems 
Dynamics  Project  (FED),  and  the  BOReal 
Ecosystem  Atmosphere  Study  (BOREAS)  among 
others.  The  data  collected  with  the  helicopter  system 
have  been  used  to  develop  relationships  between 
vegetative  parameters  and  remotely  sensed 
measurements,  validate  atmosphere  and  vegetation 
models,  address  scaling  issues,  and  provide  low 
altitude  data  for  instrument  calibration  studies.  Off- 
the-shelf  field  and  experimental  instrumentation 
have  been  flown  as  part  of  the  system.  Most 
recently,  gyro-stabilized,  pointable  mounts  and  an 
automatic  sun-tracking  sun  photometer  were 
specifically  designed  and  fabricated  for  the  system. 
The  stages  of  development  of  the  helicopter  system 
over  a  twelve  year  period  are  described  and 
illustrate  the  advantages  and  limitations  afforded  to 
investigators  using  helicopter-based  systems. 

USE  OF  HELICOPTERS  IN  MACs 
Helicopters  have  proven  to  be  versatile  platforms 
0-7803-3068-4/96$5.00©1996  IEEE 


for  remote  sensing  with  unique  deployment  and 
mission  characteristics.  A  helicopter  remote  sensing 
system  has  been  developed  by  scientists,  engineers 
and  flight  personnel  at  NASA  Goddard  Space 
Flight  Center  (GSFC)  and  NASA  Wallops  Flight 
Facility  (WFF).  This  system  has  played  a  critical 
part  of  interdisciplinary  multi-sensor  aircraft 
campaigns  (MACs)  such  as  the  First  International 
Satellite  Land  Surface  Climatology  Project 
(ISLSCP)  Field  Experiment  (FIFE)  [1],  the  Forest 
Ecosystems  Dynamics  Project  (FED)  [2]  and  the 
BOReas  Ecosystem  Atmosphere  Study  (BOREAS), 
[3]  among  others.  The  data  collected  with  the 
system  during  these  deployments  have  been  used  to 
develop  relationships  between  vegetative  parameters 
and  remotely  sensed  measurements,  to  validate 
atmosphere  and  vegetation  models,  and  to  provide 
data  for  studies  on  instrumentation  correction  and 
calibration. 

DESIGN  PHILOSOPHY 

The  first  configuration  of  the  GSFC/WFF  optical 
remote  sensing  helicopter  system  was  developed  to 
acquire  spectra  of  forest  canopies  [4].  Engineering 
of  the  system  was  guided  by;  1)  the  use  of  off-the- 
shelf  field  instruments,  2)  real-time  feedback  of  data 
to  the  operator,  3)  downward-looking  photographic 
camera(s)  boresighted  with  the  radiometric 
instrumentation,  4)  the  use  of  instruments  located 
on  the  ground  for  calibration  data,  and  5)  minimal 
alteration  to  the  airframe  and  use  of  standard  rack 
mounts  where  possible.  Adhering  to  these  criteria 
allowed  construction  of  the  system  for  minimal 
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costs  and  made  modifications  possible. 
Additionally,  the  data  from  this  system  were 
considered  comparable  with  data  taken  using 
ground-based  platforms  mounting  the  same 
instrumentation.  As  technology  developed, 
opportunities  for  additional  investigators  with 
prototype  instrumentation  were  available,  often 
simultaneously  with  the  primary,  passive  optical 
sensor  instrumentation. 

EARLY  CONHGURATIONS 

The  primary  instruments  were  the  Barnes 
Engineering!  eight  channel  Modular  Multiband 
Radiometer  (MMR),  and  the  Spectron  Engineering 
SE-590  visible/near  infrared  spectrometer.  A 
35mm  photographic  camera  with  a  700  frame  film 
back  was  also  included.  The  mounting  surface  for 
the  instrumentation  sensors  consisted  of  a  brace 
beneath  the  cabin  of  a  Bell  UH-IB  helicopter.  Field 
of  view  (FOV)  optics  for  the  MMR  and  the  SE-590 
were  1  degree.  A  50mm  focal  length  lens  was  used 
on  the  35nmi  camera. 

The  microcassette  of  the  SE-590  controller  was 
used  for  data  logging  SE-590  spectra  and  an 
Omnidata  Polycorder  provided  data  logging  and 
analog  to  digiti  conversion  (A/D)  for  the  MMR.  An 
intervalometer  with  a  manual  switch  triggered  the 
photographic  camera.  Power  was  supplied  to  the 
SE-590  controller  via  an  invertor  on  the  aircraft  and 
portable,  sealed,  rechargeable  batteries  were  used 
for  the  MMR.  The  camera  and  its  controls  used 
aircraft  power  (28  volts  DC).  Real-time  data  display 
from  the  SE-590  was  provided  by  an  oscilloscope 
while  selected  MMR  channels  were  displayed  by 
the  Polycorder  screen.  Internal  clocks  of  each 
system  were  manually  synchronized  and  each 
instrument  was  triggered  by  a  separate  operator. 
This  system  provided  the  rudimentary  capabilities 
for  collecting  spectral  data  using  the  helicopter 
platform. 

Early  modifications  included  re-mounting  the 
sensors  on  a  flat  plate  hung  on  existing  hard  points 
on  the  nose  of  the  aircraft  for  easier  handling  and 
maintenance.  A  video  camera  with  a  Beta  format 
VCR  and  a  second  35nmi  camera  with  a  telephoto 
lens  were  added.  A  signal  from  the  SE-590 
designed  for  coincident  firing  of  a  35  mm  camera 
was  used  to  trigger  the  MMR.  This  reduced  the  size 
of  the  aircrew  b^y  one  person,  thereby  saving  fuel 
and  increasing  flight  time  for  data  collection. 

The  microcassette  data  logging  of  the  SE-590  was 
slow,  sometimes  unreliable  and  required  a 


considerable  amount  of  time  to  offload  data  for 
processing  and  analysis.  The  audio  tracks  of  the 
VCR  were  used  to  record  conversations  among  the 
aircrew  and  a  time/date  stamp  was  encoded  on  the 
image.  Computer  data  logging  was  initiated  when 
portable  PCs  became  available  using  the  RS-232 
port  of  the  SE-590.  Later  use  of  A/D  cards  in  the 
PC  expansion  slots  to  log  the  MMR  data  and 
modifications  to  the  SE-590  by  the  manufacturer 
allowed  computer  control  of  the  data  collection  and 
logging  sequence.  A  single  keyboard  stroke  of  the 
computer  triggered  the  SE-590,  the  MMR,  the 
photographic  camera  and  inserted  an  audible  tone 
on  the  VCR  sound  track.  A  video  monitor  was 
located  so  that  the  pilot  could  see  the  area  in  view 
by  the  instruments  which  helped  the  pilot  keep  the 
aircraft  located  over  a  target  while  hovering.  This 
configuration  was  used  during  a  project  to  study  the 
effects  of  acid  deposition  [5]. 

Off-nadir  viewing  in  the  direction  of  the  aircraft 
nose  was  addressed  by  mounting  an  electrically- 
controlled  actuator  behind  the  aircraft  nose 
mounting  plate  which  could  be  used  to  vary  the 
view  angle  of  the  sensor  package.  Inexpensive 
bubble  inclinometers  were  located  on  top  of  the 
mounting  plate  to  provide  the  front  left  seat  crew 
member  with  an  indication  of  the  angle.  This 
configuration  was  used  for  the  1987  FIFE 
deployment. 

Calibration  procedures  initially  had  been  using 
another  SE-590  and  MMR  on  the  ground  set  to 
automatically  measure  reflected  irradiance  off  a 
calibrated  halon  or  barium  sulphate  panel. 
Laboratory  measurements  from  the  SE-590s  were 
used  to  develop  procedures  to  match  the  spectral 
bands  between  the  airborne  and  ground-based 
units.  Calibration  procedures  were  updated  to  recent 
developments  [6]  while  still  retaining  the  ground- 
based  calibration  panel. 

LATER  MODMCATIONS 

Two-degree-of-freedom  pointability  was  provided 
by  mounting  an  inverted  radar  pedestal  on  side 
mounts  such  that  it  could  be  lowered  into  position 
below  the  level  of  the  skids  after  takeoff.  This 
assured  that  the  landing  skids  did  not  restrict  the 
view.  The  pointable  mount  was  kept  on  the 
starboard  side  of  the  helicopter  to  insure  that  the 
primary  instrument  operator/mission  manager  and 
the  pilot  had  similar  views.  An  infrared 
thermometer  (IRT)  was  also  added  to  the  system  to 
provide  thermal  infrared  data  to  complement  that  of 
the  MMR.  This  configuration  was  used  for  the 
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1989  FIFE  deployment  and  the  FED  deployments. 

CURRENT  CONHGURATION 

The  UH-IB  helicopter  was  replaced  with  a  larger 
UH-IH  aircraft  during  1994  for  the  BOREAS 
deployment.  Gyro-stabilized  pointable  mounts,  the 
use  of  off-the-shelf  software  for  an  industrial- 
quality  PC-based  A/D  and  data  logging  system, 
lighter  instrument  racks  that  allow  an  additional 
bay,  a  temperature  control  box  for  the  SE-590 
optical  sensors,  the  ability  to  add  additional  sensors 
(such  as  a  pyranometer,  photosynthetically  active 
radiation  (PAR)  sensor,  and  barometric  pressure 
transducer),  and  a  sun-tracking  photometer 
specifically  designed  for  use  with  helicopters  [7] 
were  added.  The  Beta-format  VCR  was  replaced 
with  a  super- VHS  format  VCR.  Some  additional 
changes  to  enhance  the  operating  environment  for 
the  aircrew  were  also  been  made  such  as  foot 
switch  controls  for  microphones.  The  two  most 
critical  changes,  that  of  the  pointable  mounts  and 
the  sun  photometer  are  such  that  the  attitude  of  the 
instruments  is  now  independent  from  that  of  the 
aircraft,  and  the  system  is  no  longer  dependent  on  a 
calibration  panel  located  on  the  surface  at  a  fixed 
location.  The  sun  photometer  also  provides  a  means 
of  atmospheric  corrections  for  the  radiometric  data 
sets. 

CONCLUDING  REMARKS 

The  use  of  off-the-shelf  and  some  specialized 
components  within  the  framework  of  a  simple  and 
flexible  design  have  provided  unique  data  collection 
capabilities  with  a  helicopter  platform.  The  present 
configuration  of  the  system  creates  a  mobile,  self- 
contained,  flexible  system  for  the  acquisition  of 
calibrated  and  atmospherically  corrected  remotely 
sensed  data.  Opportunities  for  other  investigators  to 
mount  their  instruments  are  such  that  there  would 
be  no  interference  with  existing  systems. 
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ABSTRACT 

This  paper  describes  an  lidar  remote  sensing  system  for 
searching  for  lost  planes  and  watercraft.  We  present  a 
simple  expression  for  the  average  laser  power  required  to 
search  at  a  particular  rate  given  a  required  ground  level 
energy  density.  The  required  ground  level  energy  den¬ 
sity  is  determined  by  the  target  characteristics  and  back¬ 
ground  light  which  has  a  solar  component.  While  several 
important  parameters  are  not  well  known,  active  probing 
for  lost  planes  and  boats  may  be  practical. 

1.  INTRODUCTION 

Current  downed  airplane  search  methods  rely  on  remote 
detection  of  an  emergency  beacon  and  passive  optical  re¬ 
mote  sensing.  The  emergency  beacon  is  a  radio  designed 
to  transmit  in  response  to  an  accident.  Unfortunately 
they  operate  in  less  than  25%  of  all  aircraft  crashes  due 
to  crash  damage  or  poor  maintenance  [1].  Civil  Air  Pa¬ 
trol  search  efforts  then  resort  to  visual  search  from  single 
or  twin  engine  planes  using  ambient  light.  Night  searches 
are  ineffective.  Searcher  fatigue  also  reduces  search  effec¬ 
tiveness.  The  best  probability  of  detection  of  a  downed 
plane  is  less  than  30%  with  typical  values  between  15% 
and  20%  [2]. 

There  is  interest  in  using  lasers  to  perform  active  search¬ 
ing  for  downed  planes  and  distressed  watercraft.  A  re¬ 
mote  sensing  system  mounted  in  a  plane  would  fly  over 
the  search  area.  Suitable  material  on  the  plane  or  boat 
reflect  and  modify  the  incident  laser  light  so  that  a  detec¬ 
tor  on  the  search  plane  is  able  to  distinguish  the  ground 
return  from  the  target  material  return.  The  material 
may  change  the  incident  light’s  polarization  or  wavelength 
spectrum.  This  paper  describes  search  systems  based 
on  Stokes  shifted  returns  using  fluorescent  dyes  or  Laser 
Paint^^. 

The  following  requirements  have  been  set  for  a  realistic 
automated  search  system.  It  must  perform  significantly 


better  than  the  present  visual  search  method  and  be  us¬ 
able  during  day  and  night.  It  must  provide  a  significantly 
higher  probability  of  detection  than  current  methods  with 
search  speeds  and  ground  coverage  comparable  to  or  bet¬ 
ter  than  the  current  values  of  about  180  km^/hr  with  50% 
ground  coverage.  It  ought  to  be  usable  under  most  con¬ 
ditions  in  which  planes  can  be  flown.  It  must  not  require 
more  electrical  power  than  is  available  on  the  small  planes 
used  by  the  Civil  Air  Patrol,  about  1  kW. 

Two  approaches  are  considered  in  this  paper.  The 
first,  proposed  and  build  by  Richard  S.  Hughes  of  the 
U.S.  Naval  Weapons  Center  [3],  uses  broadband  fluores¬ 
cence  from  a  laser  dye.  The  second  system,  proposed 
by  Nabil  M.  Lawandy,  of  Spectra  Sciences  Corporation 
and  Brown  University,  uses  the  emission  line  narrowing 
of  Laser  Paint to  increase  the  contrast  between  back¬ 
ground  photons  and  the  target  material  emission  [4]. 

2.  SYSTEM  DESCRIPTION 

A  model  of  a  lidar  remote  sensing  search  method  has  three 
major  statistical  components:  the  probability  of  a  target 
being  visible  to  the  search  plane,  the  probability  of  cor¬ 
rect  detection  of  a  visible  target  illuminated  by  a  laser 
beam,  and  the  probability  that  a  laser  beam  will  strike 
(illuminate)  a  visible  target.  The  probability  of  a  target 
being  visible  depends  on  the  object  size  and  the  size  dis¬ 
tribution  of  gaps  in  the  plant  canopy  as  applied  in  the 
case  of  wooded  areas.  These  statistics  are  not  well  known 
for  crash  sights.  Since  plane  crashes  tend  to  leave  rather 
large  holes  in  the  tree  canopy,  we  will  assume  for  this 
study  that  some  part  of  the  plane  is  visible.  The  proba¬ 
bility  of  correct  detection  of  an  illuminated,  visible  target 
depends  on  the  statistics  of  optical  detection  and  the  back¬ 
ground  light  level.  This  has  been  the  major  thrust  of  the 
study.  The  probability  of  target  illumination  depends  on 
the  laser  beam  size,  the  fraction  of  ground  illuminated  by 
the  laser  (ground  coverage),  and  again  on  the  target  size. 
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Figure  1:  Search  model  geometry.  Plane  at  altitude 
flies  with  speed  Vp.  The  pump  had  full  angle  divergence 
26 p  and  illuminates  ground  area  Ap. 


Fig.  1  shows  the  configuration  of  the  system  parameters 
used  in  the  model.  A  search  plane  flies  at  altitude  Rp  with 
velocity  Vp.  A  downward  directed  pulsed  laser  beam  (the 
pump  beam)  with  wavelength  Ap  is  swept  perpendicular 
to  the  flight  direction.  The  laser  pulse  hits  a  ground  area 
Ap  —  TrR'^Op^  where  Op  is  the  beam  half  angle  divergence. 
The  illuminated  area  may  or  may  not  contain  the  fluores¬ 
cent  target.  Assuming  the  beam  has  a  top  hat  profile,  the 
ground  level  energy  density,  Eg,  is  given  by 

Eg  =  EpT]QiYn/  Ap 

-E'pexp(  O^atm^p)  I'^i^EpOp^  (1^) 

where  Ep  is  the  total  pulse  energy,  r]atm  is  the  atmospheric 
transmission  efficiency,  and  aatm  is  the  atmospheric  atten¬ 
uation  coefficient. 

The  field  of  view  of  a  photo-detector  is  swept  to  coincide 
with  the  laser  beam.  If  no  fluorescent  target  material  is 
present  in  the  pump  beam,  the  receiver  collects  only  noise 
photons.  An  optical  bandpass  filter  with  bandwidth  AA 
centered  at  the  target  fluorescence  peak  of  Ar  limits  the 
collected  noise  photons.  For  a  Lambertian  surface  the 
average  number  of  collected  noise  photons  is  given  by 
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where  tjd  is  the  receiver  efficiency  including  the  detector 
quantum  efficiency,  is  the  downward  solar  energy  flux 
density,  p  is  the  surface  albedo,  6  is  the  observation  angle, 
Ar  is  the  receiver  area,  dpov  is  the  receiver  half  angle  field 
of  view,  and  At  is  the  observation  window  time. 

If  present  and  illuminated,  the  fluorescent  target  emits 
signal  light  at  wavelength  A^^,  longer  than  the  pump  wave¬ 
length  Ap.  The  total  fluorescent  energy  emitted  in  the 


receiver  pass  band  is  given  by 


=  VfEgAt  (3) 

where  rjf  is  the  fluorescence  efficiency  and  At  is  the  total 
area  of  fluorescent  material  illuminated  and  visible.  As¬ 
suming  that  the  receiver  field  of  view  is  larger  than  the 
target  material,  the  fluorescent  energy  detected  is 


Er  =  r)atmEfAr/Rl.  (4) 

Equations  (1)  through  (4)  can  be  combined  into  one 
“radar  range  equation”  [5]. 

The  receiver  compares  the  number  of  detected  photons, 
n,  to  a  threshold,  rith^  and  decides  that  target  fluorescent 
material  is  present  if  n  >  rith  and  no  target  is  present  if 
n  <  nth-  The  threshold  must  be  selected  so  that  the  prob¬ 
abilities  of  a  miss  and  false  alarm  are  sufficiently  small. 
The  probability  of  miss,  Pm,  is  the  probability  of  decid¬ 
ing  the  target  is  not  present  when  it  is  in  fact  present. 
The  probability  of  false  alarm,  Pp,  is  the  probability  of 
deciding  the  target  is  present  when  it  is  not. 

Photon  detection  is  properly  described  by  Poisson 
statistics.  However,  because  many  photons  are  collected, 
Gaussian  statistics  may  be  used  with  the  standard  devi¬ 
ation  equal  to  the  square  root  of  the  mean.  In  the  ab¬ 
sence  of  the  target,  the  average  number  of  noise  photons 
detected,  n^,  is  given  by  (2).  When  the  fluorescent  ma¬ 
terial  is  present,  the  average  number  of  detected  photons 
is  given  by  T  where  Ug  is  the  number  of  detected 
signal  photons  given  by 


E^r  Xr 


(5) 


At  noon  the  sea  level  solar  flux  at  600  nm  is 
150  mW/cm^/pm  [7].  Using  a  conservative  surface  albedo 
of  0.5  there  are  10^  noise  photons  detected  by  a  receiver 
with  10%  detection  efficiency,  bandwidth  of  10  nm,  collec¬ 
tion  diameter  of  20  cm,  field  of  view  half  angle  of  4  mrad, 
and  observation  time  100  ns.  Assuming  Pp  =  10“^,  the 
threshold  must  be  more  than  4.75  standard  deviations 
greater  than  the  mean  noise,  nth  >  T  4.75^/71^  [8]. 
For  Pm  =  10“^  the  threshold  must  be  less  than  3.1 
standard  deviations  below  the  mean  signal  plus  noise, 
<  (^5  +  ^n)  “  3.1v^ns  -f  Solving  these  two  equa¬ 
tions,  the  mean  detected  signal  must  be  greater  than  2600 
photons.  For  a  plane  altitude  of  3  km,  using  the  receiver 
parameters  above,  and  neglecting  atmospheric  attenua¬ 
tion,  the  target  material  must  emit  1.5  x  10^^  photons, 
51  p3  at  600  nm. 


3.  FLUORESCENCE  MODELS  AND  LASER 
POWER 

Fluorescent  dyes  have  an  emission  peak  red  shifted  30 
to  100  nm  from  the  pumping  wavelength.  The  emission 
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spectrum  can  vary  from  50  to  100  nm  across  [6].  The 
total  quantum  yield  between  incident  and  emitted  light 
is  higher  than  50%,  however  much  of  the  emitted  light 
is  outside  the  receiver  passband.  We  assume  that  the 
conversion  efficiency  of  pump  light  into  signal  light  within 
the  receiver  band  is  a  modest  5%.  A  square  meter  of 
target  material  will  emit  the  required  51  /iJ  of  light  when 
the  incident  intensity  is  100  nJ/cm^.  The  maximum  safe 
exposure  for  the  eyes  to  a  single  pulse  of  visible  light  is 
500  nJ /cm^  [9]  which  is  five  times  the  required  pump  level. 
While  a  factor  of  five  is  not  great,  it  shows  that  an  eye 
safe  system  is  feasible  at  532  nm. 

Nabil  M.  Lawandy  has  found  that  when  a  mixture  of 
laser  dye  and  scattering  centers,  such  as  the  paint  pigment 
Ti02,  is  illuminated  by  intense  light  pulses,  the  mixture 
will  emit  narrow  band  light.  This  mixture  is  trademarked 
Laser  Paint The  emission  spectrum  is  only  2  to  5  nm 
wide  when  pumped  by  a  3  mJ/cm^  pulse  7  ns  long.  The 
slope  efficiency  is  about  25%  so  the  pump  energy  only  has 
to  barely  exceed  threshold  to  yield  the  required  received 
signal.  The  eye  safe  power  level  for  visible  light  is  6000 
times  lower  than  this  value.  Either  the  threshold  energy 
must  be  lowered  by  four  orders  of  magnitude  or  the  pump 
can  be  shifted  to  wavelengths  shorter  than  400  nm  where 
the  eye  safe  limit  rises  to  more  than  3  mJ/cm^.  However, 
as  shown  next  the  average  power  required  to  search  the 
ground  is  a  more  stringent  requirement  than  eye  safely. 

The  required  average  laser  power  can  be  written  as 

Pav  =  SsCfEg  (6) 

where  Ss  =  VpLy  is  the  search  rate  given  by  the  prod¬ 
uct  of  the  plane’s  forward  speed  and  the  width  of  the 
transverse  scan,  C/  =  Ap/(DxDy)  is  the  ground  coverage 
factor  which  expresses  the  fraction  of  ground  actually  il¬ 
luminated  by  the  pump  laser,  and  Eg  is  the  ground  level 
energy  density  given  above.  As  described  before,  current 
search  speeds  are  about  180  sqkm/hr  which  will  be  used 
for  Ss-  The  desired  coverage  factor  depends  on  the  size 
of  the  laser  spots  and  the  size  of  the  lost  object  but  will 
range  from  0.50  <  Cf  <  2  where  values  greater  than  1 
indicate  the  some  spots  are  hit  multiple  times.  A  cover¬ 
age  factor  of  unity  will  be  assumed.  Equation  (6)  applies 
regardless  of  the  plane’s  altitude,  laser  spot  size  or  repe¬ 
tition  rate.  It  states  simply  that  to  place  a  given  amount 
of  energy  density  on  a  given  area  per  unit  time  requires  a 
specified  average  power. 

The  ground  level  energy  density  depends  on  whether 
spontaneous  fluorescenc-e  or  stimulated  fluorescence  is  be¬ 
ing  used.  For  spontaneous  fluorescence,  Eg  =100  nJ/cm^. 
The  average  laser  power  is  13  W,  which  is  a  feasible 
amount  of  power.  For  the  Laser  Paint stimulated  fluo¬ 
rescence,  Eg  =3  mJ/cm^  and  the  required  average  optical 
power  is  1.5  MW  which  is  clearly  unrealistic. 


4.  DISCUSSION  AND  CONCLUSIONS 

There  are  several  open  questions  which  must  be  resolved 
before  a  practical  system  can  be  built.  Most  importantly, 
plants  also  fluoresce.  Although  there  are  several  propos¬ 
als  to  distinguish  plant  fluorescence  from  target  material 
fluorescence,  it  is  not  known  how  much  of  a  problem  this 
will  be.  However,  plant  fluorescence  is  inefficient  and  is 
not  believed  to  present  a  major  problem  for  a  532  nm 
pump  and  600  nm  receiver  wavelength.  There  also  is  un¬ 
certainty  about  the  probability  of  the  plane  being  visible 
through  the  plant  canopy.  Work  is  currently  underway  to 
measure  the  size  distributions  of  holes  in  tree  canopies. 
Finally  the  atmospheric  scattering  is  expected  to  degrade 
the  performance  but  it  is  not  known  by  how  much. 

We  have  shown  that  active  probing  for  downed  planes 
marked  with  fluorescent  dye  seems  practical.  By  designing 
the  system  to  identify  one  square  meter  or  more  of  target 
material,  the  system  can  be  built  eye  safe  in  the  visible, 
capable  of  day  and  night  time  operation,  and  requires 
reasonable  power  levels  from  the  search  plane. 
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Acquiring  and  understanding  the  spectral  reflectance  of  two 
non-photosynthetically  active  materials,  plant  litter  and  soils,  is 
important  for  interpreting  vegetative  landscapes.  The  goal  of 
this  research  is  to  develop  robust  remote  sensing  techniques  to 
discriminate  plant  litter  from  soils.  Spectral  reflectance  of  wet 
and  dry  soil  and  litter  (crop,  forest,  and  grass)  in  the  0.4-2. 5  pm 
wavelength  range  was  measured.  An  absorption  feature  at 
2.1  pm  in  the  spectrum  of  dry  litter,  associated  with  cellulose, 
was  not  present  in  soils.  Water  absorption  dominated  the 
spectral  properties  of  both  soils  and  litter,  but  discrimination  of 
wet  litter  from  wet  soil  was  possible.  Plant  litter  reflectance  is 
a  verifiable  component  in  vegetative  landscapes  and  should  be 
labeled  and  modeled  separately  from  soils  in  landscape  studies. 

INTRODUCTION 

Spectral  measurements  can  provide  information  on  land 
processes.  The  influence  of  plant-litter  reflectance  has  generally 
not  been  recognized  in  canopy  spectral  measurements  [4]. 
Litter  affects  not  only  surface  energy  balance,  but  also  spectral 
estimates  of  primary  productivity  because  the  green  vegetation 
spectra  are  altered  by  the  background  reflectance.  Identification 
of  these  background  materials  will  permit  landscape  models  to 
evaluate  the  condition  and  yield  of  vegetation  correctly. 
Discrimination  of  litter  from  soils  will  allow  the  quantification 
of  crop  residue  cover  which  is  important  in  protecting  soils 
from  erosion.  Quantification  of  residue  cover  is  necessary  to 
evaluate  the  effectiveness  of  conservation  tillage  practices. 

Visible  and  near-infrared  (VIS-NIR,  0.4- 1.1  pm)  wavelengths 
do  not  produce  absorption  features  that  can  be  used  to 
discriminate  soils  from  litter  because  litter  may  be  brighter  or 
darker  than  a  particular  soil  depending  on  many  factors, 
including  soil  moisture  and  age  of  the  litter  [1].  Although 
fluorescence  techniques  were  less  ambiguous  and  better  suited 
for  discriminating  litter  from  soils  than  VlS-NlR  reflectance 
methods,  several  potential  problems  inhibit  the  implementation 
of  the  fluorescence  technique  [1].  Elvidge  [3]  showed  cellulose 
and  lignin  absorption  features  at  1. 9-2.2  pm  in  the  spectra  of 
dried  plants.  Subsequent  work  with  spectral  reflectance  has 
indicated  that  these  features  may  be  useful  for  discriminating 
litter  from  soils  [2]. 

Thus,  defining  the  reflectance  spectra  for  litter  is  necessary 
to  describe  the  vegetative  landscape  further  and  to  model  the 
terrestrial  environment  accurately.  This  research  was  conducted 
to  (i)  provide  reflectance  signatures  for  plant  litter  and  soils, 
and  (ii)  improve  the  terminology  currently  used  to  define  non¬ 
green  background  spectral  components. 


MATERIALS  AND  METHODS 

Spectral  reflectance  data  over  the  0.4-2. 5  pm  wavelength 
region  were  acquired  with  an  IRIS  Mark  IV'  (GER  Corp., 
Millbrook,  NY)  spectroradiometer  at  2-4  nm  intervals.  Samples 
were  illuminated  by  sixteen  62  W  quartz-halogen  lamps  in  a 
hemisphere  painted  with  BaS04.  The  hemisphere  provided 
nearly  uniform  illumination  over  an  area  larger  than  the  field  of 
view  of  the  spectroradiometer.  Although  the  spectroradiometer 
has  dual  2x6°  fields  of  view,  it  was  operated  as  a  single  beam 
instrument,  /.e.,  both  sample  and  reference  channels  viewed 
different  areas  of  the  same  target.  The  spectroradiometer  was 
positioned  at  a  zenith  view  angle  of  30°  resulting  in  views  of 
two  areas  approximately  2x7  cm  each. 

Corn  (Zea  mays  L.)  and  soybean  {Glycine  max  Merr.) 
residues  were  collected  from  agricultural  fields  near  Beltsville, 
Maryland  on  four  dates,  representing  <1,  6,  8,  and  10  months 
after  harvest.  Tree  litter  samples  included  seven  samples  of 
conifer  {i.e.  six  pine  and  one  hemlock),  and  seven  samples  of 
deciduous  {i.e.  two  white  oaks,  two  sweetgum,  and  three  mixed 
canopies  of  primarily  maple,  poplar,  and  sassafras).  Samples 
were  collected  from  forested  land  near  Beltsville,  Maryland  on 
four  dates,  representing  aged  litter:  1  month,  8  months,  1  year 
and  >1  year.  Two  samples  of  grass,  tall  and  short,  were 
collected  for  three  ages.  All  plant  litter  samples  were  dried  at 
70  °C  and  stored  at  room  temperature.  Sample  trays 
(45x45x2  cm)  were  filled  to  a  depth  of  3-5  cm  with  oven-dried 
intact  residues  and  the  spectral  reflectance  of  the  dry  samples 
was  measured.  Samples  were  immersed  in  water  for  2  hours, 
drained  and  measured  wet. 

Six  U.S.  cropland  soils  {i.e.  Barnes,  Codorus,  Othello, 
Portneuf,  Cecil,  Houston  Black  Clay)  and  a  sand  were  acquired 
to  represent  a  wide  range  of  colors  and  textures.  Each  soil  was 
oven-dried,  crushed  to  pass  a  2-mm  screen  and  placed  in  the 
sample  tray.  Spectral  reflectance  data  were  recorded  for  the 
dried  samples.  Soils  were  then  saturated  with  water  and  allowed 
to  drain  overnight  before  acquiring  spectral  data  for  wet 
samples. 

Nine  pairs  of  spectral  data  were  acquired  at  different 
locations  on  each  sample.  Reflectance  factors  were  calculated 
using  a  Spectralon  (Labsphere,  Inc.,  North  Sutton,  NH) 
reference  panel.  Reflectance  factors  (R)  were  plotted  as  a 
function  of  wavelength  for  each  sample.  A  minor  discontinuity 
in  the  spectra  at  1772  nm  was  associated  with  a  change  in 
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detectors  and/or  a  change  in  the  diffraction  gratings.  The  data 
surrounding  the  discontinuity  were  deleted  rather  than  forced  to 
match. 


RESULTS  AND  DISCUSSION 

Plant  litter  and  soils  reflectance  spectra  were  measured  for 
the  0.4-2.4  pm  wavelength  range;  however,  the  first  part  of  the 
spectrum  (0.4- 1. 1  pm)  cannot  be  used  to  discriminate  between 
plant  litter  and  soils  reflectance  spectra  [1],  Only  the  spectra  for 
the  1. 6-2.4  pm  range  are  presented  in  Fig.l.  Although  82  litter 
and  7  soil  samples  were  measured,  only  representative  spectra 
of  three  types  of  litter  (Fig. la)  and  three  soils  (Fig. lb)  are 
shown.  For  each  litter  and  each  soil,  a  pair  of  spectra  is  shown; 
the  upper  curve  is  the  spectrum  of  the  sample  and  the  lower 
curve  is  the  spectrum  of  the  wet  sample. 

A  water  absorption  band  at  1.9  pm  can  be  seen  in  the 
reflectance  spectra  of  both  litter  and  soils.  The  cellulose/lignin 
absorption  feature  that  Elvidge  [3]  noted  in  the  spectra  of  dried 
plants  can  be  seen  at  2.1  pm  in  the  dry  litter  spectra.  This 
absorption  feature  is  not  present  in  the  spectra  of  soils.  The 


Fig.  I :  Mean  reflectance  spectra  of  three  representative  types  of  litter 
and  soils.  The  upper  curves  of  litter  and  soils  represent  dry  samples 
and  the  lower  curves  represent  wet  samples.  Litter  spectra  are  for 
deciduous  trees  (dt),  coniferous  trees  (ct),  and  com  (c).  Soil  spectra  are 
for  Codorus  (c),  Portneuf  (p),  and  Barnes  (b). 


difference  between  litter  and  soils  reflectance  spectra  is 
pronounced  when  the  peaks  to  either  side  of  the 
cellulose  absorption  are  considered.  These  shoulder  peaks  are 
visible  in  the  litter  spectra  at  2.0  and  2.2  pm. 

For  both  litter  and  soils  samples,  moisture  reduced 
reflectance  by  approximately  20%  (absolute  units).  For  litter, 
the  reflection  peak  at  2.0  pm,  Le.  the  shoulder  of  the  cellulose 
absorption,  was  nearly  obscured  by  the  effects  of  water 
absorption.  This  altered  the  shape  of  litter  spectra;  it  appears 
similar  to  the  spectra  of  wet  litter.  However,  the  concavity  of 
the  cellulose  absorption  exists  in  the  litter  spectra  regardless  of 
moisture. 

Five  spectral  bands  (50  nm  wide)  are  indicated  along  the 
x-axis  of  Fig.  1 .  The  water  absorption  band  at  1 .9  pm  provides 
information  on  sample  moisture  content.  The  mean  spectral 
reflectance  was  used  to  calculate  a  cellulose  absorption  index 
(CAI)  as  follows: 

CAI  =  0.5  (R20  ■*"  ^^2  2) "  ^21 

where  R2  0,  R2 1  and  R2  2  are  the  wavebands  centered  at  2023  nm, 
2100  nm,  2215  nm,  respectively. 

In  Fig.2,  CAI  for  plant  litter  and  soils  is  plotted  as  a  function 
of  reflectance  in  the  water  absorption  band  (1.9  pm),  which  is 
related  to  sample  moisture  content.  Plant  litter  samples 
produced  positive  CAI  values.  The  soils  samples  lack  cellulose; 
thus  the  absence  of  the  cellulose  spectral  feature  in  soils  is 
depicted  by  negative  CAI  values. 

Sample  moisture  content  is  implicitly  recorded  in  Fig.2;  wet 
samples  had  reflectances  <25%,  while  dry  samples  had  >25% 
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Fig.  2:  CAI  as  a  function  of  water  band  reflectance  (1930  nm). 
Cellulose  absorption  index  (CAI)  is  calculated  as  0.5  (R2  0  +  R2,2)  -  R2.h 
where  R2  (),  R2,i  and  R  2.2  are  the  wavebands  centered  at  2023  nm, 
2100  nm,  2215  nm,  respectively. 
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Table  L  Mean  percent  reflectance  in  five-50  nm  wide  bands  of  wet  and 
dry  samples  of  litter  and  soils.  Cellulose  absorption  index  (CAI)  is  also 
presented. 


Waveband  Centers  (nm) 

TYPE 

n 

1.6 

1.9 

2.0 

2.1 

2.2 

CAI 

_ _  DRY _ 

CORN 

I2 

50  a' 

36  ab 

42  a 

35  ab 

39  a 

4.89  a 

SOY 

12 

40  b 

28  c 

32  c 

28  c 

30  b 

3.56  b 

CONIF 

25 

40  b 

32  be 

33  c 

27  c 

29  b 

4.06  b 

DECID 

27 

52  a 

41  a 

44  a 

37  a 

39  a 

3.77  b 

GRAS 

6 

49  a 

33  be 

38  ab 

31  be 

34  a 

4.88  a 

SOILS 

7 

40  b 

35  b 

38  ab 

39  a 

37  a 

-1.58e 

I _ WEI _ 

CORN 

12 

32  cd 

12  d 

17d 

18d 

21  c 

0.90  c 

SOY 

12 

28  de 

12d 

16  de 

17d 

19c 

0.80  c 

CONIF 

25 

26  de 

9d 

12  de 

14d 

I6c 

0.50  c 

DECID 

27 

36  be 

12  d 

16d 

18d 

21  c 

0.26  c 

GRAS 

6 

28  de 

lOd 

13  de 

14d 

17c 

0.66  c 

SOILS 

7 

23  e 

7d 

lOe 

14d 

16c 

-0.72d 

RMSE 

(df=132) 

5.3 

4.4 

4.7 

4.4 

4.6 

0.54 

'Within  each  column,  means  followed  by  the  same  letter  are  not 
significantly  different  according  to  Duncan's  Multiple  Range  test 
(«x=0.05). 


reflectance.  For  wet  soils,  reflectances  were  <10%,  with  the 
exception  of  the  sand  which  was  very  bright  even  when  wet. 
Dry  soils  samples  had  reflectance  values  in  the  water  absorption 
band  >25%  with  the  exception  of  Houston  Black  Clay,  which 
held  more  moisture  when  air-dried  than  other  soils.  For  litter,  a 
CAI  threshold  of  approximately  2.0  separated  the  dry  litter  from 
the  wet  litter.  Since  reflectance  at  2.0  pm  is  reduced  by 
moisture,  CAI  is  reduced;  thus,  the  CAI  range  for  wet  samples 
is  reduced.  Moisture  makes  discrimination  of  litter  and  soils 
more  difficult. 

All  soils  had  negative  CAI  values;  however,  there  were  five 
litter  samples  that  also  had  negative  CAI  values.  The  cellulose 
absorption  feature  was  lacking  for  three  wet  deciduous  samples 
and  one  wet  pine  sample  that  were  all  greater  than  one  year  old. 
These  samples  were  sufficiently  decomposed  so  that  the 
absorption  due  to  cellulose  or  lignin  fibers  were  easily  masked 
by  moisture.  A  fifth  sample  with  a  negative  CAI  value,  >lyr  old 
hemlock,  contained  soil  particles  because  the  decomposed, 


1 -cm- long  needles  made  the  layers  difficult  to  separate  from  the 
underlying  soil.  Excluding  these  samples  made  separation  of 
litter  and  soils  possible  regardless  of  moisture  content. 

A  subtle  clustering  of  five  dry  litter  sample  types, 
representing  mean  reflectance,  can  be  detected  from  the 
symbols  in  Fig.2.  For  crop  residues,  the  brighter  samples  are 
generally  the  older  ones,  whereas  for  tree  litter,  the  brighter 
samples  are  generally  the  younger  ones.  The  reflectance  of  litter 
was  not  significantly  different  from  the  reflectance  of  soil  in  the 
five  bands  in  Table  I.  In  some  cases,  the  litter  was  brighter  than 
the  soil  and  in  other  cases,  the  litter  was  darker.  Only  CAI 
consistently  discriminated  litter  from  soil;  the  values  were 
positive  for  litter  and  negative  for  soils.  Dry  samples  had 
significantly  higher  reflectance  and  CAI  values  than  the  wet 
samples. 

CONCLUSION 

Forest  litter,  crop  residues,  senesced  grass,  and  soils  spectra 
provided  data  on  background  spectral  reflectances.  Information 
about  the  spectral  behavior  of  the  cellulose  feature  in  the 
shortwave  infrared  wavelengths  provided  a  way  to  index  the 
reflectances  and  distinguish  most  litter  from  soils.  The  ability 
to  discriminate  plant  litter  from  soils  using  CAI  will  allow 
background  components  to  be  identified  and  will  provide  a 
more  accurate  spectral  green  vegetation  estimate.  CAI  may  also 
be  used  to  distinguish  crop  residues  from  soils  and  may  be  used 
to  quantify  crop  residue  cover. 
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ABSTRACT 

Building  upon  several  years  of  aircraft  laser  altimetry 
development,  a  system  capable  of  mapping  surface  height 
distributions  across  wide,  nadir-centered  swaths  has  recently 
been  developed  at  NASA/Goddard  Space  Flight  Center. 
The  Laser  Vegetation  Imaging  Sensor(LVIS)  system  (Fig.  1) 
can  be  used  to  construct  maps  of  precise  surface  elevations 
and  three-dimensional  vegetation  canopy  structure.  The 
quality  of  the  derived  data  products  as  well  as  satellite-like 
footprint  sizes  are  maintained  using  novel  laser  output  and 
receiver  Field  of  View  (FOV)  scanning  techniques. 

The  sensor  concept  is  based  on  rapidly  scanning  a  laser 
beam  and  the  telescope  FOV  across  the  flight  track  of  the 
aircraft  using  small,  galvanometer-controlled  mirrors.  The 
laser  transmitter  was  custom  designed  and  built  in-house  to 
achieve  10%  wall-plug  efficiency  in  a  compact,  rugged 
package.  The  laser  output  pulse  is  2  nsec  full-width  at  half¬ 
max  (FWHM),  with  a  500  Hz  pulse  repetition  rate  and  6  mJ 
output  energy  evenly  split  into  1.064  nm  and  0.532  nm 
wavelength  channels.  A  multiple  pass  pump  scheme  along 
with  diamond  substrates  at  electrically  isolated  interfaces 
reduce  the  amount  of  heat  coupled  to  the  laser  enclosure 
through  variable  conductance  heatpipes  (VCHPs).  The 
VCHPs  maintain  the  pump  diodes  at  their  optimum 
temperature  to  2  C  in  an  external  temperature  range  of  5-35 
C.  The  passive  operation  of  the  VCHPs  imposes  none  of  the 
excessive  power  draw  normally  associated  with  thermal 
control  systems.  The  telescope  was  custom  designed  to 
have  an  efficiency  of  >  85%,  a  20  cm  aperture,  a  6° 
potential  FOV,  and  0.5°  instantaneous  FOV  that  is  movable 
to  any  position  within  the  potential  FOV  within  2  msec. 
The  telescope  aft  optics  allow  the  use  of  bandpass  filters  and 
dichroics  in  collimated  light,  thus  permitting  multiple 
channels.  The  system  as  built  has  1.064  nm  and  0.532  nm 
receive  channels  with  the  capability  of  adding  multiple 
polarization  channels.  The  return  echo  from  each  channel  in 
the  system  is  recorded  using  a  500  MHz,  8-bit  waveform 
digitizer  and  stored.  The  instantaneous  FOV  is  focused  to  a 
1  mm  spot  allowing  the  use  of  low  noise,  high  bandwidth 
detectors.  The  data  products  that  this  system  can  produce 
range  from  simple  topographic  mapping  swaths  (i.e.  dense 
grids  of  x,y,z  data) to  3 -dimensional  vegetation  structure 


mapping.  Using  the  waveform  digitizer  to  capture  the  return 
echo  from  each  channel  allows  us  to  reconstruct  the  surface 
height  distribution(SHD)  from  within  each  laser  footprint. 
Tree  heights,  canopy  architecture,  and  surface  elevation  and 
roughness  beneath  canopies  can  be  extracted  from  the  return 
echo.  Adding  the  2-color  capability  allows  normalized 
difference  vegetation  index  (NDVI)  measurements  through 
the  entire  depth  of  the  canopy  with  30  cm  vertical 
resolution,  thus  providing  a  measure  of  leaf  surface  area 
height  distributions.  The  raster  scan  pattern  of  contiguous 
footprints  resulting  from  positioning  the  laser  beam  and 
telescope  FOV  across  the  aircraft  flight  track  covers  100% 
of  the  underlying  terrain.  The  100%  coverage  greatly 
simplifies  the  map  making  process  with  assurance  that  no 
area  was  unsampled.  Statistical  analysis  of  derived  SHDs, 
local  surface  slopes,  and  roughness  data  can  thus  be 
performed  without  making  any  a  priori  assumptions  about 
the  nature  of  the  slope/height  distributions. 


Fig.  1  LVIS  Instrument 
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INTRODUCTION 


Laser  altimetry  provides  a  unique  method  of  directly 
measuring  vegetation  vertical  structure  and  sub-canopy 
topography  over  large  areas.  By  recording  the  entire  return 
echo  for  each  pulsed  laser  shot,  the  distribution  of 
intercepted  surfaces  within  each  laser  footprint  can  be 
directly  determined.  Over  vegetated  topography,  such 
surfaces  include  leaves,  needles,  branches  and  any 
underlying  open  ground  surface.  With  this  instrument, 
LVIS,  we  measure  this  distribution  of  surfaces  for  each  laser 
footprint  at  a  rate  of  500  Hz  while  rapidly  scanning  the  laser 
footprint  in  a  raster  pattern  across  the  aircraft  flight  track. 
The  telescope  FOV  is  simultaneously  scanned  to  follow  the 
laser  footprint.  Galvanometers,  provided  by  Cambridge 
Technology  Inc.  Watertown,  MA.,  are  used  to  scan  the 
output  laser  pulse  and  the  receiver  FOV.  An  added 
advantage  of  randomly  positionable  scan  mirrors  is  the 
ability  to  compensate  for  aircraft  roll  motion  to  center  the 
data  swath  beneath  the  aircraft  flight  line  in  real-time.  The 
final  data  set  is  a  nadir-centered,  3-dimensional  volume 
representation  of  the  scanned  surface.  From  this  data  we 
can  remove  the  vegetation  to  reveal  only  the  underlying 
terrain  or  provide  a  map  of  canopy  architecture  and  height. 


MEASUREMENT  CONCEPT 

An  important  feature  of  this  system  is  the  high  temporal 
resolution  digitization  of  the  return  echo  from  each  channel, 
allowing  the  surface  height  distribution  (SHD)  within  each 
footprint  to  be  reconstructed.  By  performing  simple 
analysis  on  each  laser  return  echo,  vegetation  extent  and 
density  as  well  as  the  elevation  of  the  underlying  terrain  can 
be  extracted.  Applications  for  this  data  range  from  precise 
mapping  of  surface  elevation  of  unvegetated  surfaces  such 
as  sand  sheets,  glacial  flows,  and  sea  ice  to  determining 
three-dimensional  forest  canopy  structure  and  individual 
tree  architecture.  Each  return  echo  is  a  data  set  in  itself  in 
that  it  provides  a  sampling  of  the  vegetation  height  or 
vertical  roughness  in  that  area.  By  combining  many  of 
these  samples  into  an  image  with  100%  areal  coverage,  one 
can  generate  an  image  of  the  underlying  ground  surface  for 
use  in  hydrologic  studies  as  well  as  the  topography  of  both 
the  top  and  bottom  of  the  tree  canopy.  This  data  can  then 
be  used  in  model-based  studies  of  the  aerodynamics  of 
energy  exchange  between  the  atmosphere  and  the  earth’s 
surface.  The  LVIS  instrument  can  reliably  and 
simultaneously  measure  all  three  of  the  surfaces  needed  for 
this  critical  boundary  condition  data  product,  i.e.  the  top  and 
bottom  of  canopy  and  the  ground  surface. 

INSTRUMENT 

In  the  design  of  this  new  type  of  scanning  laser  altimeter, 
maintaining  instrument  performance  levels  equivalent  to 


Fig.  2  Laser  Cavity  (note:  VCHPs  ) 


previous  profiling  vegetation  sensing  systems  [1]  was  a 
critical  driver.  Signal-to-noise  ratios  had  to  be  maintained 
and  specifications  such  as  detector  bandwidth  and 
digitization  rate  were  modified  to  increase  the  performance. 
The  quality  of  the  data  product  is  strongly  linked  to  the 
quality  of  the  recorded  return  echo.  Throughout  the  system, 
modifications  were  engineered  to  reduce  input  paths  for 
noise  sources  and  to  maximize  the  SNR  of  the  return  signal. 
The  output  power  of  the  laser  has  been  significantly 
increased  and  the  output  pulse  width  has  been  reduced  by  a 
factor  of  two  (i.e.  from  4  down  to  2  nsec  FWHM).  The 
most  difficult  aspect  of  the  receiver  design  was  combining 
the  large  aperture,  large  FOV  telescope  with  the  small,  ~1 
mm,  detector  into  a  single  package.  The  solution  that  we 
arrived  at  was  to  scan  the  FOV  of  the  telescope  to  create  an 
instantaneous  FOV  over  the  laser  footprint.  To  keep  up 
with  scan  rates  approaching  500  Hz,  the  size  of  the  scan 
mirror  and  the  full  sweep  scan  angle  were  both  minimized. 


SCANNING  FOV  TELESCOPE 

The  receiver  system  consists  of  a  20  cm  telescope 
mounted  to  the  bottom  surface  of  a  light-weighted  interface 
plate.  On  the  top  surface  rests  the  10  cm  turning  mirror,  an 
eyepiece,  galvanometer,  beamsplitters,  condenser  optics, 
and  detectors.  The  10  cm  turning  mirror  is  at  45  degrees  to 
the  plate  surface  in  order  to  bring  the  light  into  the  plane  of 
the  interface  plate.  This  is  followed  by  the  eyepiece  that 
collimates  the  desired  FOVs  into  2.5  cm  beams  and  then  by 
the  beryllium  scan  mirror  mounted  to  the  galvanometer.  The 
galvanometer  is  mounted  such  that  the  shaft  is  pointed 
upwards  to  allow  access  to  the  scan  mirror  after  assembly. 
The  scan  mirror  selects  a  collimated  beam  from  the  selected 
FOV  to  image  onto  the  detector  face.  The  different  images 
are  distinguished  by  their  incident  angle  to  the  scan  mirror. 
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The  width  of  the  scan  mirror  is  2.5  cm/cos[max  scan  angle]. 
To  minimize  the  size  of  the  scan  mirror,  the  center  scan 
angle  at  which  the  mirror  is  mounted  is  -32°.  Since  the  total 
FOV  of  the  telescope  is  6°  and  it  has  a  magnification  of  8X, 
the  mirror  must  move  ±12°  (i.e.  ±3x8/2  (mirrors  double 
the  angle)  =  ±12).  If  the  mirror  were  centered  at  45  degrees 
then  it  would  have  to  be  large  enough  to  redirect  the  entire 
2.5  cm  beam  even  at  an  angle  of  57°.  With  the  scan 
centered  at  33°,  the  maximum  angle  is  45°.  A  smaller 
angle  could  be  used,  but  the  reflected  beam  begins  to 
impinge  on  the  eyepiece  assembly  at  smaller  angles. 

HIGH-EFFICIENCY  LASER  TRANSMITTER 

To  investigate  how  to  meet  all  the  unique  requirements  of 
the  laser  transmitter  (Fig.  2)  for  LVIS,  a  complex  computer 
model  of  laser  cavities  was  utilized  [2].  The  design  was 
optimized  for  efficiency,  while  meeting  the  pulse-width, 
mode  shape,  pulse  rep-rate,  and  output  power  requirements. 
Some  of  the  general  parameters  of  the  laser  are:  500  Hz,  6 
mJ  (3  mJ  at  1.064  um  and  3  mJ  at  532  nm),  2  nsec  FWHM 
pulsewidth,  -10%  wall-plug  efficiency.  Passive  thermal 
control  allows  operation  at  ambient  temperatures  between 
10  C  and  40  C.  To  achieve  the  desired  10%  efficiency, 
several  aspects  of  the  laser  design  were  optimized.  First,  to 
allow  the  use  of  passive  thermal  control,  laser  diodes  that 
could  operate  efficiently  at  high  temperatures  (-45  C)  were 
selected.  The  thermal  path  for  removing  the  waste  heat  was 
optimized  by  using  diamond  substrates  to  electrically  isolate 
the  diodes  (i.e.  diamond  has  a  thermal  conductivity  3X  that 
of  copper)  and  then  heat  pipes  were  implemented  to  act  as  a 
thermal  short,  transferring  waste  heat  to  the  laser  enclosure. 
Since  the  diodes  need  to  be  temperature  controlled  to 
maximize  the  absorption  in  the  YAG  crystal,  variable 
conductance  heat  pipes(VCHPs)  were  used.  With  VCHPs, 
the  evaporator(diodes)  temperature  can  be  maintained  over 
a  wide  range  of  condenser(enclosure)  temperatures.  This  is 
achieved  by  attaching  a  reservoir  of  gas  to  the  condenser 
end  of  the  heat  pipe.  The  gas  expands  and  contracts  with 
the  evaporator  temperature,  thereby  changing  the  pressure 
inside  the  heat  pipe.  Due  to  the  fact  that  the  efficiency  at 
which  the  heat  pipe  transfers  the  heat  from  the  condenser  to 
the  evaporator  is  related  to  the  pressure  in  the  heat  pipe,  the 
higher  the  pressure,  the  more  efficient  the  heat  pipe. 
Therefore,  at  higher  ambient  temperatures  there  is  less  of  a 
temperature  gradient  across  the  heat  pipe  and  at  lower 
temperatures  there  is  a  greater  gradient.  By  tuning  the 
amount  of  gas  and  working  liquid  in  the  heat  pipe  for  a 
specific  amount  of  waste  heat  and  ambient  temperature 
range,  the  heat  pipe  can  passively  maintain  the  condenser  at 
a  set  temperature  to  within  ±2°  passively.  In  building  a 
rngle-mode,  short-pulsed  laser,  relatively  few  laser  pump 
diodes  are  used,  thus  making  the  absorption  of  diode  light 
in  the  YAG  crystal  highly  temperature  dependent.  To 
lessen  this  temperature  dependency  while  at  the  same  time 


Fig.  3  Example  Data  from  5  Beam  Laser  Altimeter 


increasing  the  absorption  in  the  crystal,  a  4-pass  pumping 
scheme  was  devised.  Each  pump  pulse  from  each  diode 
passes  through  the  YAG  crystal  4  times.  This  greatly 
increases  the  total  absorption  and  reduces  temperature 
dependency. 

SUMMARY 

This  system,  LVIS,  has  been  developed  to  produce  high 
accuracy,  geolocated  topographic  mapping  data  as  well  as 
3-dimensional  vegetation  volume  data  sets.  .  LVIS  will  be 
especially  useful  in  determining  tree  canopy  structure  (Fig. 
3),  but  future  applications  will  include  topographic  mapping 
of  ice  sheets  and  glaciers,  volcanoes  and  coastal  erosion. 
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Abstract  -  An  aiitorne  hyperspectral  remote  sens¬ 
ing  system,  initially  for  use  to  verify  theories  for 
rapid,  accurate  determination  of  vegetation  indices, 
is  described.  The  system,  called  AVIS  (Aii'borne 
Vegetation  Index  Sensor),  is  mounted  on  a  heli¬ 
copter  and  employees  a  Xenon  flash  lamp  to  illumi¬ 
nate  the  Earth’s  surface.  The  backscattered  radia¬ 
tion  is  measured  with  better  than  10  nm  resolution 
in  the  visible  and  near-IR  over  a  shiftable  400  nm 
bandpass.  Background  subtraction  is  used  for  day¬ 
time  flights.  By  its  nature,  AVIS  measures  the  hot 
spot,  resulting  in  no  shadowing.  It  is  a  versatile 
system,  minimizing  atmospheric  effects  and  elimi¬ 
nating  view  angle  variables  and  other  ambiguities 
and  assumptions  associated  with  general  algorithm 
development  and  verification  which  arise  when  us¬ 
ing  the  sun  as  a  test  source. 

INTRODUCTION 

Although  being  introduced  at  a  slower  pace  in  a 
tighter  fiscal  envii'onment,  new  technology  and 
techniques  to  collect  the  data  needed  in  parameter¬ 
izing  the  Earth’s  various  biomes  continue  to  be 
proposed  and  adopted.  Assumptions  used  in  some 
earlier,  now  archived,  data  sets  often  limit  or  pre¬ 
vent  theii'  use.  To  meet  the  demand  for  develop¬ 
mental  data,  with  minimal  restrictive  assumptions, 
an  active,  hyperspectral  optical  aii'borne  instrument 
has  been  developed:  AVIS,  the  Aii'borne  Vegeta¬ 
tion  Index  Sensor,  was  funded  by  the  NASA  Small 
Business  Innovative  Research  (SBIR)  Program  be¬ 
cause  of  potential  commercial  application.  Among 
other  applications,  AVIS’  measurements  can  verify 
and  complement  space  borne  measurements  for 
NASA’s  Mission  to  Planet  Earth, 
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Straight  forward  in  its  technology,  AVIS  was 
conceived  as  a  remote  sensing  instrument  by  the 
fu'St  author  in  1992  after  reviewing  a  paper  by  Cur¬ 
ran  [1]  on  problems  arising  in  the  determination  of 
green  leaf  area  index  (GLAI).  During  the  design  of 
AVIS  under  the  SBIR  grant,  enhancements  were 
made  to  meet  criteria  for  higher  resolution,  total 
bandwidth,  and  sensitivity  to  make  the  system  spe¬ 
cifically  applicable  to  measurements  proposed  by 
HaU,  Huemmrich  and  Coward  [2].  Their  proposal 
for  measuring  the  fraction  of  absorbed  photosyn- 
theticaUy  active  radiation,  fapa,,  and  leaf  area  index 
uses  second  order  derivatives  of  the  spectrum  to 
reduce  the  effects  of  non-photosynthetically  active 
material  bent,  th  the  canopy. 

SYSTEM 


AVIS  provides  its  own  light  source  and  spectro¬ 
graph  receiver.  It  is  shown  in  Fig.  1  mounted  on  the 
side  of  the  NASA  UH-ID  stationed  at  Wallops 


Figure  1.  AVIS  mounted  on  NASA  helicopter. 
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Flight  Facility.  The  system  is  rather  large,  primarily 
due  to  the  telescope  optics  needed  to  dii'ect  and  fo¬ 
cus  the  lamp  energy.  From  its  vantage  point  in 
flight,  the  data  is  acquired  far  enough  above  ground 
that  the  view  angle  is  effectively  0°.  This  results  in 
no  shadowing  by  leaf  material. 

The  system  consists  of  a  Xenon  flash  lamp  driven 
at  2  Hz  to  give  2  Joules  per  pulse.  A  65  cm,  f  /3.6 
parabolic  reflector  directs  the  light  from  the  Xenon 
lamp.  It  gives  a  measured  divergence  of  about  15  x 
35  mrad,  which  translates  to  a  surface  spatial  reso¬ 
lution  of  2.5  X  5.25  meters  from  an  altitude  of  150 
meters.  The  spectrograph  is  a  grating  type  feeding  a 
512  element  intensified  linear  CCD  detector  array. 
Alignment  was  made  using  a  calibration  source  to 
give  a  working  spectral  range  from  about  460  to 
840  nm.  This  total  range  can  be  shifted.  For  refer¬ 
ence,  a  color  video  camera  is  used  to  record  the 
scene.  Fig  2.  shows  a  frame  taken  from  that  video 
over  a  soybean  field  near  a  road.  The  2  cm  glow  in 
the  center  is  the  flash.  (A  monochrome  image  re¬ 
production  is  used  here.) 

Data  acquisition  is  done  using  a  basic  DX  486  PC 
with  appropriate  A/D  conversion  of  the  CCD  data 
stream.  The  data  is  permanently  stored  in  binary 
format  in  real  time.  Custom  software  is  then  used  to 


Figure  2.  Flash,  in  center,  as  recorded  on  video 
over  soybean  field  near  a  road.  Time  is  given  to 
seconds,  with  the  last  two  digits  being  video 
frame  count. 


convert  this  data  as  needed,  with  various  user  se¬ 
lectable  options,  to  standard  space,  comma,  or  tab 
delimited  text  with  identifying  headers  for  use  in 
any  spreadsheet  or  scientific  analysis  program. 

OPERATION 

In  order  for  an  active  optical  remote  sensing  sys¬ 
tem  to  be  effective,  proper  calibration  is  necessary. 
While  the  outgoing  flash  is  monitored  by  photodi¬ 
odes  at  different  wavelengths,  initially  it  was 
thought  that  specular  reflection  off  of  the  surface  of 
a  body  of  water  would  be  ideal  for  measuring  the 
flash  characteristics.  However,  the  weight  of  the 
AVIS  platform,  about  150  kilograms,  and  its  loca¬ 
tion  on  the  side  of  the  helicopter,  caused  the  heli¬ 
copter’s  normal  to  point  slightly  off  nadii'  in  flight. 
This  resulted  in  a  flash  kradiance  that  was,  typi¬ 
cally,  not  backscattered  off  the  surface  dkectly  back 
to  the  helicopter.  The  signal  that  was  received  arose 
from  backscatter  from  below  the  water  surface. 
This  was  immediately  apparent  when  the  data  was 
examined  and  a  spectral  effect  in  the  near-IR  was 
obseiwed  due  to  flora  in  the  water  (see  below). 

It  was  therefore  decided,  in  order  to  get  a  con¬ 
venient  yet  reliable  calibration,  to  use  the  somewhat 
lambertian  runway  tarmac  at  Wallops  as  the  cali¬ 
bration  reference.  The  tarmac’s  actual  reflectivity 
was  acquired  using  the  Field  Spec  FR  spectroradi- 
ometer  from  Analytical  Spectral  Devices  and  a 
barium  sulfate  reference  plate.  Once  an  in-flight 
flash  reflectivity  was  taken  over  the  tarmac  and  cor¬ 
rected  for  the  taraiac  spectral  response  as  meas¬ 
ured  on  the  ground  with  the  spectroradio meter,  a 
calibration  curve  was  produced  and  stored  for  each 
flight..  Sometimes  curves  were  taken  before  and 
after  a  flight,  but  the  system  proved  stable  enough 
to  make  this  unnecessary.  The  repeatability  of  the 
tarmac  reflectivity  at  different  locations  at  the  ah' 
field  is  so  good  that  it  can  be  represented  in  general 
by  a  spectral  response  with  increasing  reflectivity 
from  450  to  850  nm,  an  increase  of  about  25%. 
Measurements  made  on  concrete  had  similar  re¬ 
sponse,  so  that  AVIS  can  be  well  calibrated  out  at 
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Figure  2  Spectral  response  ofshallozu  water.  Note 
compensating  response  above  700  nm  due  to  un- 
denvater  plant  material. 


any  location  without  custom  ground  measurements 
of  the  local  airport  tarmac  spectral  response.  A 
flight  over  the  tarmac  itself  is  still  necessai7,  of 
course,  to  allow  for  possible  flash  lamp  spectral 


Figure  3.  Spectral  response  from  flash  backscatter 
off  pine  tree  canopy. 


shifts  with  age  and  mechanical  vibration  over  time 
during  and  between  flights. 

Background  readings  of  the  surface  are  made 
between  flashes  and  used  to  normalize  the  flash  en¬ 
ergy.  Using  the  cahbration  curve  developed  with 
the  tarmac,  the  response  of  shallow  water  near  the 
Wallops  Flight  Facility  is  shown  in  Fig.  2,  which  is 
from  a  single  flash.  As  can  be  seen,  the  spectral  re¬ 
sponse  falls  off  with  wavelength  up  to  about  700 
nm  where  it  levels  off.  This  is  due  to  plant  material 
in  the  water  and  the  increased  reflectivity  in  the 
near-IR.  This  is  illustrative  of  the  inappropriateness 
of  using  water  for  calibration. 

APPLICATIONS 

Fig.  3  shows  the  spectral  response  obtained  over 
a  coniferous  tree  with  a  single  flash.  The  higher 
noise  in  the  near  IR  is  due  to  the  fall  off  in  energy  at 
those  wavelengths  by  the  Xenon  lamp.  Applications 
to  agriculture  are  also  being  investigated  with  the 
USDA’s  Remote  Sensing  and  Modeling  Laboratory 
at  BeltsviUe,  MD,  while  the  next  major  application 
planned  for  AVIS  will  involve  blocking  the  Xenon 
flash  energy  at  wavelengths  longer  than  about  500 
nm  for  fluorescence  studies  of  the  surface  biomass 
in  the  red  and  near-IR.  In  addition,  AVIS’  origins  in 
NASA’s  SBIR  program  also  speak  to  a  desire  to 
commerciahze  this  system  or  its  equivalent.  Overall, 
AVIS  is  a  conceptually  simple,  but  a  scientifically 
and  technically  effective  new  remote  sensor. 
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Abstract  -  Considerable  efforts  are  being  directed  by  many 
research  groups  toward  the  development  of  instrumentation  to 
excite  and  remotely  sense  fluorescence  of  vegetation  at  the 
field  and  forest  canopy  levels.  Green  vegetation  when  exposed 
to  appropriate  wavelengths  of  light,  dissipates  a  portion  of  the 
absorbed  energy  as  light  emissions  (fluorescence)  in  several 
broad  areas  of  the  spectrum.  Currently,  leaf  level  fluorescence 
emissions  have  been  broken  down  into  five  primary  regions  of 
the  spectrum,  namely;  ultraviolet  (UV),  blue,  green,  red,  and 
near-infrared  (NIR).  Optimal  excitation  wavelengths  for  the 
UV,  blue,  and  green  fluorescent  areas  are  bands  centered  at  284 
nm,  340  nm,  and  380  nm  respectively.  The  red  and  NIR 
fluorescent  emissions  can  be  excited  within  the  broad 
wavelength  region  from  250  to  675  nm  with  excitation  peaks  at 
430  nm,  470  nm,  600  nm,  and  660  nm.  The  ratio  of  red  to  NIR 
fluorescence  excitation  spectra  produced  a  ratio  spectrum.  The 
relative  differences  between  these  two  emission  bands  are  not 
constant  and  depend  on  the  wavelength  of  excitation. 
Fluorescence  sensing  systems  based  on  the  above  emission 
bands  are  being  developed  for  ground  based  mobile  vans, 
helicopters,  and  small  aircraft.  The  goals  of  these  efforts  were 
to  determine  the  optimal  regions  of  the  spectrum  to  excite 
vegetation  in  order  to  differentiate  plant  stress  condition  based 
on  fluorescence  emission  bands. 

INTRODUCTION 

Vegetation,  when  exposed  to  long  wave  ultraviolet  (UV) 
radiation  of  sufficient  energy,  dissipates  a  portion  of  the 
absorbed  light  energy  as  fluorescence  with  emission  maxima 
near  450,  525,  685,  and  740  nm  [1].  The  broad  blue-green 
fluorescence  band  ranges  from  360  to  650  nm  with  a  principal 
maximum  at  450  nm  and  a  shoulder  near  525  nm.  The  blue- 
green  fluorescence  is  a  convolution  of  emissions  corresponding 
to  several  plant  constituents.  Part  of  the  dynamic  portion  of  the 
blue  band  fluorescence  has  been  attributed  to  the  water  soluble 
compound  nicotinamide-adenine  dinucleotide  phosphate  in  the 
reduced  form  (NADPH)  with  the  more  static  portion  due  to 
relatively  inert  structural  compounds  such  as  polyphenolics  and 
lignin  [2]. 


A  UV  band  of  fluorescence  with  an  emission  maximum  near 
335  nm  results  when  vegetation  is  excited  with  280  nm 
radiation  and  is  primarily  due  to  proteins  containing  the 
aromatic  amino  acid  tryptophan  (TRP)[3,4].  Pure  ribulose  1,5- 
bisphosphate  carboxylase  (rubisco),  which  constitutes  up  to 
70%  of  the  soluble  plant  proteins,  exhibits  fluorescence 
characteristics  in  accordance  with  a  TRP  containing  plant 
protein  and  is  believed  to  have  a  significant  contribution  to  the 
UV  band  fluorescence.  Furthermore,  it  has  been  established  that 
the  fluorescence  emission  emanating  from  intact  vegetation  is 
proportional  to  the  nitrogen  fertilization  level  [3]. 

Under  optimal  growth  conditions  the  majority  of  light 
absorbed  by  plant  chlorophylls  and  carotenoids  is  utilized  in 
photosynthesis  with  less  than  3%  of  the  absorbed  light  energy 
being  dissipated  as  heat  or  fluorescence  emissions  near  685 
(red)  and  740  nm  (NIR).  The  magnitude  of  these  fluorescence 
emissions  on  exposure  of  a  plant  to  light  are  governed  by 
chlorophyll  concentration  and  photosynthetic  activity.  The 
primary  roles  played  by  certain  nutrients  in  photosynthesis  and 
chlorophyll  synthesis  suggest  that  nutrient  deficiencies  could  be 
detected  on  the  basis  of  changes  in  these  fluorescence  emissions 
[1].  The  majority  of  red  fluorescence  emission  has  been 
attributed  to  chlorophylls  associated  with  photosystem  II  (PS  II) 
while  the  NIR  fluorescence  emission  has  been  attributed  to 
antenna  chlorophylls  of  Photosystem  I  (PS  I)  [5].  The 
fluorescence  ratio  685/740  nm  could  relate  to  changes  in  the 
distribution  of  excitation  energy  between  the  two  photosystems 
and  has  been  extensively  studied  as  an  indicator  of  chlorophyll 
content  and  stress  condition  in  plants  [6].  In  addition,  several 
studies  have  demonstrated  that  linear  and  curvilinear 
relationships  exist  between  certain  ratios  of  fluorescence 
maxima  to  pigment  concentrations  and  rates  of  photosynthesis 
[2,7]. 

The  goals  of  this  study  were  to;  define  the  optimal  excitation 
wavelength  or  wavelengths  to  maximize  emissions  from  the 
five  primary  fluorescent  areas,  identify  regions  of  the  spectrum 
which  are  best  suited  for  excitation  of  multiple  fluorescent 
emission  bands,  and  identify  excitation  and  the  corresponding 
emission  bands  best  suited  for  the  detection  of  nitrogen  stress 
in  vegetation. 
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METHODS 

A  spectrofluorometer  was  used  to  collect  fluorescence 
excitation  and  emission  spectra  from  greenhouse  grown 
soybean  plants.  The  spectrofluorometer  utilizes  two  0.22m 
double  monochrometers.  The  excitation  monochrometer  was 
attached  to  a  450  W  xenon  lamp  that  allowed  variation  of  the 
excitation  radiation.  The  emission  monochrometer  was 
attached  to  a  photon-counting  photomultiplier  tube  corrected  to 
obtain  linearity  throughout  the  emission  wavelength  range  of 
290  to  850  nm  while  voltage  readings  were  converted  to  photon 
counts  per  second  (cps).  Fluctuations  in  lamp  intensity  were 
corrected  by  a  beam  splitter  that  delivered  a  portion  of  the 
excitation  radiation  to  a  rhodamine  dye  cuvette.  The 
fluorescence  response  of  rhodamine  dye  was  monitored  by  a 
silicon  photo  diode.  This  response  was  used  to  generate 
correction  factors  for  minimizing  the  effect  of  changes  in  lamp 
intensity  as  a  function  of  wavelength.  Excitation  spectra  were 
acquired  by  fixing  the  emission  wavelength  (usually  at  the 
fluorescence  emission  maximum)  and  recording  emission 
intensities  while  stepping  through  a  shorter  wavelength  region 
of  the  spectrum.  Conversely,  emission  spectra  were  obtained 
by  fixing  the  excitation  wavelength  and  recording  emission 
intensity  while  stepping  through  a  longer  wavelength  region  of 
the  spectrum.  Both  excitation  and  emission  spectra  were 
acquired  at  a  1  mm  slit  width  yielding  1 .7  nm  resolution.  Leaf 
samples  were  held  in  place  by  an  anodized  aluminum  solid 
sample  holder. 

RESULTS  AND  DISCUSSION 
UV  Emission  Band 

Illumination  of  a  healthy  soybean  leaf  with  280  nm  radiation 
produced  multiple  fluorescent  emissions  in  the  UV,  blue,  green, 
red,  and  NIR  regions  of  the  spectrum  (fig.  1).  The  excitation 
spectrum  shown  in  fig.  1  indicates  dual  excitation  maxima  the 
first  centered  at  232  nm  and  the  second  centered  at  284  nm.  The 
symmetry  and  location  of  these  two  excitation  maxima  closely 
resemble  the  absorption  maxima  of  TRP  (in  aqueous  solution) 
which  is  the  primary  chromophore  within  proteins  for  this 
fluorescence  emission  [4]. 

UV  band  fluorescence  decreases  in  intensity  with  nitrogen 
deficiency  while  the  excitation  distribution  remains  much  the 
same.  Selection  of  excitation  wavelengths  near  284  nm  will 
maximize  the  fluorescence  emission  at  335  nm  while  providing 
additional  information  in  the  remaining  four  bands  of 
fluorescence.  The  ratio  of  the  UV  band  maximum  to  the  blue 
band  maximum  when  excited  near  284  nm  has  proven  useful  in 
assessing  nitrogen  fertilization  level  [3]. 

Blue/Green  Emission  Bands 

Illumination  of  the  same  leaf  material  with  340  nm  light 
yields  multiple  fluorescent  bands  (fig.  2)  with  maxima  in  the 
blue,  green,  red,  and  NIR  consistent  with  those  reported  by 
other  scientists  [1].  The  blue  band  emission  maximum  when 
excited  at  340  nm,  was  20  %  more  intense  than  when  excited 


at  280  nm.  Some  of  the  compounds  that  are  suspected  to 
contribute  to  the  convoluted  blue  band  fluorescence  when 
excited  at  340  nm  also  exhibit  absorption  characteristics  at  280 
nm.  Although  not  optimally  excited,  these  compounds  are 
believed  to  contribute  to  blue  band  fluorescence  when  excited 
at  280  nm.  The  excitation  spectra  shown  in  fig.  2  indicates  that 
the  optimal  excitation  for  in  vivo  blue  fluorescence  was  340  nm 
with  more  subtle  features  at  284  and  232  nm.  The  distribution 
of  the  blue  fluorescence  excitation  spectra  are  not  symmetrical 
and  skewed  toward  shorter  wavelengths.  This  rise  in  blue 
fluorescence  when  excited  within  the  wavelength  range  of  220 
to  300  nm  originates  from  the  added  intensity  by  the  broad  tail 
of  UV  band  fluorescence.  Hence  the  lack  of  symmetry  in  the 
blue  fluorescence  excitation  spectra  is  due  to  the  convoluted 
nature  of  the  UV  and  blue  emission  bands  of  fluorescence. 


Wavelength  (nm) 


Fig.  1  Healthy  vs.  nitrogen-deficient  soybean  leaf  fluorescence 
characteristics.  Excitation  spectrum  was  obtained  at  a  fixed 
emission  wavelength  of  335  nm  (UV  band  emission  maximum). 
Emission  spectrum  was  obtained  at  a  fixed  excitation 
wavelength  of  280  nm. 


Wavelength  (nm) 

Fig.  2  Healthy  vs.  nitrogen-deficient  soybean  leaf  fluorescence 
characteristics.  Excitation  spectrum  was  obtained  at  a  fixed 
emission  wavelength  of  450  nm  (blue  band  emission 
maximum).  Emission  spectrum  was  obtained  at  a  fixed 
excitation  wavelength  of  340  nm  (blue  band  excitation 
maximum). 
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Previous  research  [2]  indicated  a  significant  relationship 
between  the  fluorescence  ratio  440/600  nm  and  rates  of 
photosynthesis.  These  studies  utilized  a  nitrogen  laser  emitting 
at  337  nm  as  an  excitation  source.  Our  studies  would  Indicate 
that  the  nitrogen  laser  optimally  excites  blue  fluorescence  while 
shifting  the  excitation  wavelength  from  337  nm  to  380  nm 
decreases  the  blue  band  fluorescence  emission  by  -43%  while 
increasing;  the  green  emission  by  -10%,  and  both  the  red  and 
NIR  emissions  by  -95%.  The  excitation  characteristics  of  the 
blue  band  are  similar  to  the  UV  band  in  that  with  nitrogen 
deficiency  the  intensity  varies  while  the  distribution  remains 
nearly  constant. 

Red  and  NIR  Emission  Bands 

Illumination  of  vegetation  from  250  nm  to  675  nm  produced 
multiple  fluorescent  emissions  in  the  red  (-685  nm)  and  NIR 
(-740  nm)  regions  of  the  spectrum.  Excitation  spectra  for  each 
of  these  fluorescence  emissions  are  shown  in  fig.  3  and  fig.  4 
respectively.  Each  curve  has  multiple  peaks  which  relate  to  the 
combined  absorption  of  light  by  plant  pigments  and  its 
subsequent  use  in  energy  transfer  reactions  of  photosynthesis. 
The  intensity  of  the  fluorescence  emission  as  a  function  of 
excitation  wavelength  was  directly  related  to  concentrations  of 
plant  pigments  and  inversely  related  to  the  efficiency  of  energy 
transfer  in  photosynthesis. 


Fig.  3  Healthy  vs.  nitrogen-deficient  soybean  leaf  fluorescence 
characteristics.  Excitation  spectrum  was  obtained  at  a  fixed 
emission  wavelength  of  685  nm  (red  band  emission  maximum). 
The  inset  in  this  figure  was  plotted  on  a  log  scale  to  better 
display  treatment  differences. 

When  assessing  fluorescence  information  in  the  red  and  NIR 
bands  independently  the  greatest  differences  due  to  nitrogen 
fertilization  level  occur  at  excitation  wavelengths  ranging  from 
560  to  670  nm.  The  most  significant  differences  occur  when 
these  bands  are  excited  at  or  near  600  nm  and  660  nm. 
Information  in  the  red  and  NIR  bands  of  fluorescence  are 
influenced  by  short  term  fluctuations  in  the  rate  of 
photosynthesis  and  as  a  result  are  highly  variable.  Whereas 
information  received  in  the  UV,  blue,  and  green  bands  of 
fluorescence  relate  to  compounds  whose  concentration  tend  to 


vary  over  a  much  longer  time  frame. 


Wavelength  (nm) 

Fig.  4  Healthy  vs.  nitrogen-deficient  soybean  leaf  fluorescence 
characteristics.  Excitation  spectrum  was  obtained  at  a  fixed 
emission  wavelength  of  740  nm  (NIR  band  emission 
maximum).  The  inset  in  this  figure  was  plotted  on  a  log  scale  to 
better  display  treatment  differences. 

Relative  differences  between  these  excitation  spectra  are 
better  seen  through  the  ratio  spectra  where  the  red  excitation 
spectrum  was  divided  by  the  NIR  excitation  spectrum  (fig.  5, 
and  6).  The  distribution  of  peaks  and  valleys  in  this  ratio 
spectrum  yield  striking  similarities  to  the  action  spectrum  of 
photosystem  I  and  II  (data  taken  from  [9])  (fig.  5).  We  believe 
that  some  of  the  variation  in  the  ratio  spectrum  is  due  to  the 
distribution  of  pigments  between  these  two  photosystems. 
From  the  ratio  spectra  it  is  apparent  that  relative  differences 
between  the  fluorescence  emission  intensity  at  685  nm  to  that 
of  740  nm  are  not  constant  and  depend  on  the  wavelength  of 
excitation. 


Fig.  5  Comparison  between  the  fluorescence  ratio  spectrum 
of  a  healthy  soybean  leaf  and  the  action  spectra  for  each  of  the 
two  photosystems  (data  taken  from  [9]). 


Substantial  differences  are  noted  in  the  ratio  spectra  between 
the  control  and  nitrogen-deficient  soybean  leaf  in  the  excitation 
wavelength  region  from  250  nm  to  300  nm.  However,  emission 
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intensities  are  extremely  low  in  this  area  and  may  not  be 
detectible  at  the  canopy  level.  Excitation  areas  to  avoid 
include  regions  where  the  two  curves  in  fig.  6  converge.  From 
these  data  it  would  appear  that  an  excitation  area  at  or  near  380 
nm  would  yield  substantial  differences  in  the  red  to  NIR 
fluorescence  emission  ratio  in  addition  to  providing 
information  in  the  blue  and  green  fluorescent  regions. 


Wavelength  (nm) 


Fig.  6  Healthy  vs.  nitrogen-deficient  soybean  leaf  fluorescence 
characteristics.  Ratio  spectrum  was  obtained  by  dividing  the 
685  nm  excitation  spectrum  by  the  corresponding  740  nm 
excitation  spectrum. 

CONCLUSIONS 

Instrumentation  for  the  remote  assessment  of  the  UV 
fluorescence  band  would  be  limited  in  so  far  as  aerial 
observation  due  to  safety  considerations  using  lasers  emitting 
near  280  nm.  Portable  ground  based  instrumentation  could 
easily  be  fabricated  and  prove  useful  in  assessing  plant  vigor. 
A  rapid  quantitative  measure  of  nitrogen  status  would  prove 
useful  to  many  farming  systems  where  substantial  investments 
are  made  in  the  application  of  nitrogen  fertilizers. 

Important  relationships  between  parameters  that  influence 
plant  physiology  such  as  rate  of  photosynthesis  and  chlorophyll 
concentration,  and  optimal  excitation  region  for  the  335,  450, 
525,  685,  and  740  nm  fluorescence  emissions  in  vegetation 
were  found.  These  studies  aid  in  defining  the  necessary 
parameters  for  the  development  of  field  instrumentation  based 
on  currently  available  lasers  as  excitation  sources  which  will 
maximize  fluorescence  ratio  differences  as  a  function  of  stress 
condition.  Similar  studies  need  to  be  undertaken  to  assess  plant 
stress  in  species  other  than  soybean  and  for  plant  stress 
resulting  from  different  origins. 

The  preferred  choice  for  excitation  of  fluorescence  for  most 
field  applications  is  laser  light.  In  the  past  excitation 
wavelengths  for  fluorescence  instrumentation  have  been  limited 
by  the  availability  of  lasers.  With  recent  advances  in  laser 


technology,  the  choices  of  laser  emission  wavelengths  are 
rapidly  increasing.  These  kinds  of  studies  will  aid  in  the 
development  of  new  field  instrumentation  based  on  laser 
excitation  sources  that  will  maximize  fluorescence  differences 
due  to  stress  condition. 
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ABSTRACT 

There  is  an  increasing  need  for  improved  in-flight 
calibration  of  visible  and  near-IR  satellite  sensors  to  gather 
reliable  information  on  global  climate  mechanisms  and 
climate  change.  Satellite  instruments  for  the  near  future, 
such  as  MODIS  and  SeaWiFS,  require  accurate  calibration 
throughout  their  lifetimes  on  orbit,  and  represent  a 
challenging  task.  Flying  a  calibrated  transfer 
spectroradiometer  on  a  high  altitude  aircraft  above  most  of 
the  atmosphere  over  a  uniform  and  extended  radiance  target 
near  the  subsatellite  track  during  satellite  overpass  provides 
the  most  direct  method  of  independently  calibrating  satellite 
sensors.  The  "High  Altitude  Underflights  to  Calibrate 
Satellite  Sensors"  (HAUCSS)  system,  developed  by  NOAA 
and  NASA  under  various  acronyms  since  1980,  is  described 
here  with  emphasis  on  recent  improvements  in  the  system, 
along  with  an  outline  of  the  satellite  instrument  calibration 
method,  performance,  uncertainty  analysis  and  planned 
improvements. 

The  HAUCSS  system  has  recently  been  used  to  underfly 
the  GOES-8  imager  and  NOAA- 14  AVHRR  sensors.  An  in¬ 
flight  radiance  calibration  source  is  expected  to  be  used  in  the 
future.  Future  plans  also  include  real  time  ground  station 
links  through  an  aircraft-TDRSS  link  for  instrument  control 
from  ground  and  real  time  data  viewing. 


INTRODUCTION 

Satellite  radiometry  at  performance  levels  useful  for  earth 
sciences  applications  demands  technologically  challenging 
levels  of  long-term  absolute  accuracy,  and  in  particular  must 
be  corrected  for  normal,  but  radiometrically  significant, 
changes  in  sensor  radiometric  gain  on  orbit.  In  spectral 
regions  other  than  the  visible  and  near-infrared,  on-board 
calibration  systems  using  either  an  on-board  radiometric 


source  or  (in  the  UV)  the  sun  as  a  source  have  been  used  for 
many  years,  and  for  the  most  part  with  great  success,  to 
address  the  problem  of  sensor  gain  correction.  Visible  and 
near-infrared  (VISNIR)  band  on-board  calibration  has  been 
slow  to  develop,  and  the  MODerate  resolution  Imaging 
Spectroradiometer  (MODIS)  will  be  the  first  sensor  with  full 
primary  on-orbit  calibration  capability  for  these  bands  when 
it  is  launched  on  the  Earth  Observing  System  (EOS)  AM 
platform  in  1998  [1]. 

Vicarious  (ground  and  aircraft-based)  calibration  has  been 
found  necessary  to  adequately  calibrate  sensors  with  VISNIR 
bands  in  the  past  [2].  With  the  use  of  sensors  in  the  near 
future  to  evaluate  long-term  Global  Change,  and  the 
concomitant  requirements  for  higher  gain  stability,  it  is 
clearly  necessary  to  continue  such  measurements  into  the 
future  for  VISNIR  sensors  without  on-board  calibration. 
Plans  are  now  being  developed  to  validate  the  performance 
of  the  as  yet  unproven  MODIS  on-orbit  VISNIR  calibration 
technology  both  during  its  introduction  to  the  space 
environment  and  other  critical  periods  and,  at  a  less  intense 
level,  throughout  the  lifetime  of  the  sensor. 

Applications  for  measured  VISNIR  radiance  and  target 
reflectance  data  sometimes  require  only  band-to-band  relative 
knowledge  (rather  than  absolute  knowledge)  of  sensor  gain 
changes.  An  example  is  the  uncorrected  Normalized 
Difference  Vegetation  Index  (NDVI).  But  absolute  sensor 
gains  are  required  to  maintain  internal  calibration  consistency 
between  identical  sensors  launched  on  a  series  of  satellites,  or 
between  different  sensors  in  orbit  at  the  same  time,  and  for 
other  applications.  Relative  sensor  gain  can  be  established 
through  several  related  vicarious  methods  [3,  4,  5]  using  well 
characterized  surface  or  cloud  targets  and  radiative  transfer 
modeling;  absolute  sensor  gain  can  be  derived  through  some 
of  these  methods,  but  is  most  directly  and  arguably  more 
accurately  measured  through  congruent  path  observation  of  a 
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surface  target  with  a  well  characterized  sensor  on  a  high  typically  has  an  absolute  uncertainty  of  approximately 
altitude  aircraft.  ±  3 .8%. 


This  paper  describes  the  design  and  performance  of  a 
dedicated  aircraft  system,  the  High  Altitude  Aircraft 
Underflights  to  Calibrate  Satellite  Sensors  (HAUCSS) 
system,  which  is  the  latest  evolutionary  state  of  equipment  in 
use  by  NASA  and,  before  1989,  by  NOAA  to  measure  the 
absolute  value  of  satellite  sensor  band  gain.  The  method  has 
been  described  earlier  [6],  and  only  a  brief  summary  is  given 
here.  HAUCSS  is  a  calibrated  spectroradiometer  flown  on  an 
ER~2  aircraft  at  an  altitude  near  20  km,  capable  of  scanning 
from  0.43  pm  to  1 .04  pm  with  a  spectral  resolving  power  of 
approximately  200  and  a  scan  time  of  a  few 


seconds.  It  is  mounted  on  a  gimbal  system  that  can  be 
aligned  (Fig.l)  along  an  overflying  satellite’s  view  vector  to 
a  suitable  sunlit  target  on  the  surface.  Knowing  the  satellite 
sensor  band’s  spectral  response  from  pre-launch 
measurements,  the  equivalent  satellite  target  radiance  at  the 
aircraft  is  calculated,  and  the  small  correction  to  satellite 
altitude  (usually  <2%  for  AVHRR  bands  1  or  2)  is  calculated 
and  applied  using  results  from  the  LOWTRAN  code.  Spatial 
correlations  between  the  aircraft  and  satellite  data  are  used  to 
align  the  navigation,  and  corrections  are  applied  to  give 
equivalent  HAUCSS  and  satellite  sensor  footprints.  The 
result  for  sensor  gain  assumes  the  validity  of  sensor 
observations  of  space  view  radiometric  offset  levels,  and 


INSTRUMENT  DESCRIPTION 

The  HAUCSS  system  is  a  fully  automated  l/8m  f/4.8  zero 
dispersion  double  Fastie-Ebert  monochromator,  with  suitable 
foreoptics,  second  order  suppression  filter  mechanism,  silicon 
detector,  and  a  pointing  mechanism,  flown  in  a  NASA  ER-2 
aircraft  at  an  altitude  of  20  km.  A  schematic  of  the 
spectrometer  configuration  is  shown  in  Fig  2. 


Primary  mirrors 


Figure  2:  Schematic  of  the  HAUCSS  spectroradiometer. 

The  instrument  is  mounted  on  a  gimbal  in  the  Q-bay  (Fig.3)  of 
an  ER-2  aircraft,  and  observes  the  surface  target  through  ^:a 
uncoated  quartz  window.  The  Q-Bay  is  partially 
environmentally  controlled  at  altitude,  maintaining  air 
temperatures  between  12-15°C  and  a  pressure  altitude  around 
33k  ft,  but  instrument  mounting  surfaces  can  reach 
temperatures  below  0°C.  This  means  that  instrument 
temperatures  must  be  actively  controlled.  The  foreoptics 
include  a  telescope  using  crossed  confocal  cylindrical  lenses  to 
obtain  a  circular  footprint  of  diameter  2  km  on  the  ground  at 
nadir,  a  quartz  depolarizing  element,  and  a  source  wheel  that 
can  be  rotated  to  introduce  a  beam  blocking  plate,  a  small 
integratmg  sphere  source,  or  surface  target  radiation  into  the 
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instrument..  The  entrance  and  exit  slits  widths  are  currently  set 
to  0.25mm  (x  4  mm  high)  to  obtain  the  desired  resolution  of 
3.5  nm  for  GOES/A VHRR  calibration.  The  median  slit  width 
is  set  to  0.5  mm.  The  detector,  along  with  a  thermo-electric 
controller  and  amplifier  assemblies,  is  housed  adjacent  to  the 
exit  slit.  An  EG&G  HUV-4000B  detector  with  built-in 
preamplifier  stage  in  a  hermetically  sealed  windowed  package 
is  used.  The  single  grating  (1200  g/mm  blazed  at  500  nm)  is 
controlled  by  a  4  wire  3  phase  stepper  motor-driven  cam 
assembly.  The  system  uses  a  cut-on  filter  near  380  nm  and  a 
switchable  second  order  filter  with  a  cut-on  near  700  nm. 


85%  of  maximum  ,  torque  at  650-700  sps  to  minimize 
mechanical  jitter.  The  residual  jitter  is  insignificant 
considering  the  3.5  nm  spectral  resolution  of  the  instrument 
and  is  not  observable  in  any  line  source  scans.  An  optical 
rotational  encoder  with  a  resolution  of  3600  steps/revolution  is 
also  driven  by  the  cam. 


ELECTRONICS  DESCRIPTION 

The  system  electronics  digitizes  and  stores  system  data  and 
controls  the  mechanical  subsystems.  These  functions  include 
digitizing  the  detector  output,  controlling  the  grating  and  the 
second  order  filter  mechanism,  pointing  the  spectrometer  view 
axis  as  a  function  of  time,  temperature  stabilizing  the 
spectrometer,  collecting  and  storing  all  system  data  including 
aircraft  navigation  data,  and  interfacing  with  the  pilot’s  control 
console.  A  diagram  of  the  electronics  is  shown  in  Fig  4. 
Though  the  Q-Bay  is  partially  environmentally  controlled,  it 
still  offers  a  rather  hostile  environment  for  the  operation  of 
precision  instrumentation.  Large  temperature  gradients  and 
electronic  noise  sources  are  present  in  the  Q-Bay  environment. 


Figure  3:  ER-2  equipment  bay  location 

A  chain  drive  connects  the  stepper  motor  assembly  to  the 
cam  which  drives  the  grating  in  a  linear  relationship  between 
cam  rotation  angle  and  wavelength.  The  grating  scans  the 
range  430-1040  nm  in  320  degrees  of  cam  rotation  and  is 


Several  shortcomings  of  the  previous  electronics  system 
have  now  been  removed  and  additional  capabilities  added  to 
improve  the  accuracy  and  reliability  of  the  measurements. 
Additional  enhancements  presently  in  progress  are  discussed 
later  in  this  paper 


Figure  4:  HAUCSS  electronic  system 
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The  electronics  subsystem  in  its  earlier  versions  suffered 
from  insufficient  signal-to-noise  ratio  and  preamplifier 
bandwidth,  bulky  cabling  (raising  aircraft  safety  and  reliability 
issues),  no  access  to  in-flight  navigational  data  and  a  reliability 
problem  in  the  filter  switching  mechanism. 

The  electronics  were  redesigned  and  built  to  eliminate  these 
problems  and  to  add  new  capabilities.  The  present  electronics 
features  a  low  noise  pre-amplifier  and  analog-to-digital 
converter  (A/D)  utilizing  more  efficient  signal  integration  to 
improve  the  signal  to  noise  ratio,  distributed  control  to 
eliminate  bulky  cabling,  a  modified  second  order  filter  mount 
with  contact  sensors  for  independent  position  verification,  an 
electronic  interface  with  the  aircraft’s  Global  Positioning 
System  (GPS)  based  navigation  system  for  in-flight  navigation 
data,  a  optical  rotational  encoder  for  the  grating  for  accurate 
spectral  registration  and  robust  hardware  with  redundancies 
for  critical  systems  to  improve  reliability. 

In  addition,  the  system  provides  enhanced  diagnostics  with 
flags  to  indicate  many  types  of  system  failures  and  error 
recovery  procedures  for  each  failure,  redundancy  in  diagnostics 
and  data  storage  for  improved  reliability,  on-the-fly 
programmable  grating  motion  control,  reduced  scan  times  from 
10s  to  about  3.8s,  software-programmable  A/D  integration 
times,  software-programmable  amplifier  gains  for  more 
dynamic  range  and  flexibility,  removable  data  storage  media, 
and  an  improved  information  and  control  display  for  the  pilot 
in  the  unlikely  event  that  direct  pilot  control  of  the  instrument 
is  necessary.  An  in-flight  calibration  integrating  sphere  source 
and  lamp  drive  electronics  have  also  been  added.  After  passing 
appropriate  tests  to  assess  stability  this  device  will  be  used  in 
future  flights. 

The  stepper  motor  controller  consists  of  a  dedicated  8751 
microcontroller-based  embedded  controller  with  onboard  non¬ 
volatile  storage,  serial  communications  link  and  power  drive 
electronics.  This  provides  on-the-fly  programmable  variable 
resolution  micro-stepping  motion  control  of  the  stepper  motor. 

The  detector  assembly,  consisting  of  the  detector, 
thermoelectric  controller  (TEC),  and  two  amplification  stages, 
is  housed  behind  a  window  at  the  exit  aperture  of  the 
spectrometer.  The  detector  has  a  100  mm^  surface  area, 
overfilling  the  beam  exiting  the  spectrometer.  The 
integration  time  constant  of  the  amplifier  stages  is  about  1 
ms.  The  second  amplification  stage  is  a  software 
programmable  gain  amplifier  with  programmable  gains  of  1 , 
2,  4,  8  and  16.  The  signal  from  the  detector  amplification 
stage  is  fed  into  the  input  of  the  A/D  subsystem  located 
outside  the  spectrometer  housing.  This  consists  of  a  unity 
gain  amplifier,  analog  multiplexer  and  an  integrating  A/D 
with  programmable  integration  times.  The  A/D  subsystem  is 
located  on  the  primary  instrument  control  computer  (PCC) 


which  is  an  Analog  Devices  RDAS  1060  board  with  a  80188 
microprocessor,  onboard  battery  backed  RAM,  Analog  and 
Digital  I/O  and  EPROM  storage  with  operational  and 
dynamic  link  routines. 

The  TEC  is  mounted  on  the  back  of  the  detector  case.  The 
second  order  filter  is  mounted  at  the  entrance  slit,  and  is 
driven  by  a  solenoid  which  provides  the  rotational  motion  to 
switch  the  filter  into  the  optical  path.  A  coll  spring 
mechanism  switches  the  filter  out  to  its  default  position. 
Contact  sensors  are  positioned  to  independently  verify  filter 
position  at  both  the  ‘in’  and  ‘out’  positions. 

With  a  typical  A/D  integration  time  of  10  ms,  the  effective 
resolution  of  the  A/D  is  17  bits.  Though  currently  the 
instrument  is  being  flown  over  bright  land  targets,  there  will 
be  a  need  in  the  future  to  observe  other  types  of  targets  such 
as  dark  cloud-free  ocean  scenes,  or  ocean  with  scattered 
clouds.  The  system  is  designed  to  operate  over  a  wide 
dynamic  range  of  target  radiance  levels.  Depending  upon  the 
target  brightness,  required  signal  to  noise  ratio  and  required 
spectral  resolution,  a  slit  size  will  be  selected  and  installed 
pre-flight  to  provide  adequate  energy  at  the  detector  along 
with  the  gain  setting  for  the  programmable  amplification 
stage.  Typically  the  detector  is  operated  at  less  than  5%  of  its 
saturation  level.  For  high  contrast  scenes  the  gain  of  the 
software  programmable  gain  amplifier  can  be  changed  on- 
the-fly  to  increase  the  dynamic  range,  but  this  is  not  being 
used  currently  for  land  targets.  The  programmable  amplifier 
is  controlled  by  the  PCC. 

With  a  10  ms  integration  time,  the  A/D  can  be  sampled  at 
about  80  samples  per  second.  In  a  typical  scan  of  3.8  second, 
the  data  window  is  about  3.0  second,  with  0.8  second 
overhead  time  to  switch  filter  and  reset  grating  position.  This 
gives  about  240  data  samples  per  scan  or  a  sample  every  2.5 
nm. 

The  PCC  has  two  analog  outputs,  one  of  which  is  used  to 
set  the  current  through  the  TEC.  The  PCC  monitors  this 
current  using  a  stable  shunt  resistor  and  adjusts  the  current 
using  a  proportional- integral  algorithm  with  a  time  constant 
of  40  seconds.  A  2  pole  relay  is  used  to  switch  the  polarity  of 
the  thermoelectric  controller  depending  whether  it  is  heating 
or  cooling.  The  TEC  is  usually  set  to  control  the  detector  at 
14  ±  0.1  °C.  This  is  the  expected  temperature  of  the 
spectrometer  chassis  in-flight  and  minimizes  temperature 
gradients  in-flight  without  introducing  any  danger  of 
condensation  near  or  on  the  detector. 

An  8052-based  embedded  controller  controls  the  gimbal 
movement.  The  gimbal  controller  and  motor  drive 
electronics  are  located  on  the  side  of  the  gimbal  itself.  This 
minimizes  the  cabling  between  the  host  and  the  gimbal 
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reducing  risk  of  the  cable  getting  caught  in  aircraft  hardware 
or  snapping.  The  gimbal  azimuth  and  elevation  shafts  are 
attached  to  optical  angle  encoders  which  are  interfaced  to  the 
gimbal  controller.  The  gimbal  controller  has  all  its  routines 
stored  in  EPROM  and  battery-backed  RAM  and  starts  to 
move  upon  command  from  the  host.  The  bi-directional 
precision,  or  repeatability,  of  azimuth  and  elevation 
measured  2.5  and  1.5  degrees  respectively.  To  minimize 
positioning  errors,  the  azimuth  and  elevation  are  always 
moved  from  the  reset  position  in  the  same  direction.  The 
unidirectional  precision  of  the  azimuth  and  elevation  control 
measured  0.75  and  0.5  degrees  respectively.  A  large  gear 
ratio  in  the  azimuth  and  elevation  drives  ensures  that  there  is 
no  movement  in  idle  mode  and  makes  ‘locking’  the  gimbal 
with  hold  currents  unnecessary. 

The  host  computer  is  a  80486-based  industrial  PC  using 
the  industry  standard  STD-32  backplane.  The  host  computer 
is  interfaced  to  the  aircraft  GPS  based  navigation  system 
using  a  serial  link.  Another  serial  link  from  the  host 
computer  is  used  for  the  system  serial  bus.  The  host 
computer  is  rack  mounted  at  the  top  of  the  ER-2  Q-Bay. 
Also  on  the  rack  mount  are  circuitry  to  control  power  from 
the  aircraft  28  V  DC  bus,  a  1 10  V  60  Hz  inverter,  ±12V  and 
5V  power  supplies  for  the  system  power  bus  and  cabling  for 
aircraft  interface.  The  parallel  port  data  lines  of  the  host 
computer  and  error  input  lines  are  used  for  pilot  interface  I/O 
.  The  host  computer  uses  a  solid  state  and  a  PCMCIA  hard 
disk  to  store  software  and  data.  A  monitor  and  keyboard  is 
easily  connected  to  the  host  on  ground  when  manual 
operation  of  the  host  data  system  is  desired. 

The  stepper  controller,  PCC,  gimbal  controller  and  the  host 
computer  all  communicate  through  the  serial  bus.  The  host 
computer  listens  to  the  stepper  controller,  PCC  and  gimbal 
controller  and  vice  versa. 


SYSTEM  TESTING 

It  is  necessary  for  the  spectrometer’s  field  of  view  (FOV) 
to  be  characterized  to  be  able  to  determine  the  ground  track 
footprint  and  appropriate  footprint  model  in  computing 
equivalent  satellite  pixel  space.  It  is  also  necessary  to 
measure  the  system  gain  and  spectral  stability  under  all 
operational  conditions.  For  these  purposes  the  FOV  was 
mapped  in  the  laboratory  and  the  spectrometer  was  tested  in  a 
thermal  vacuum  chamber  (T/V)  for  stability  of  system  gain 
and  spectral  response  to  simulate  aircraft  flight  conditions. 

The  FOV  pattern  measured  at  632  nm  is  shown  in  Fig  5. 
System  gain  results  showed  less  than  0.1%  variation  in  gain 
over  the  whole  range  in  the  region  below  550  nm  and  less 
than  0.5%  variation  in  the  rest  of  the  spectrum  with  the 


system  at  a  pressure  altitude  of  40  k  ft  and  temperatures  of 
mounting  surfaces  between  0  and  25  ^^C.  The  exact  source  of 
this  relatively  small  dependence  is  not  known  at  this  point 
and  is  being  investigated.  No  measurable  shift  in  wavelength 
calibration  was  observed. 


HAUCSS  FOV  Measurement 
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Figure  5;  HAUCSS  FOV  Measurement. 


SOFTWARE 

The  previous  data  system  including  all  operational  and 
analysis  software  was  redesigned  and  replaced  to 
accommodate  the  new  electronics  and  to  provide  the 
additional  features  discussed  earlier.  The  low  level  and 
system  services  routines  on  the  PCC  are  stored  in  EPROM. 
An  embedded  C  compiler  from  Aztec  Corporation  was  used 
to  compile  high  level  C  programs  to  dynamically  link  to  the 
EPROM  routines.  This  improves  system  performance  and 
reduces  program  size,  enabling  most  of  the  RAM  use  for  data 
storage  and  buffering.  The  PCC,  gimbal  controller  and  the 
stepper  controller  have  their  programs  stored  in  non-volatile 
programmable  storage  areas  and  start  up  upon  applying 
power.  However,  the  host  computer  has  the  capability  to 
download  the  programs  again  in-flight  or  before  flight  if  any 
errors  are  detected.  Upon  power-up  all  the  subsystems 
perform  independent  self  checks  and  diagnostics  and  report 
to  the  host  computer.  Two  levels  of  diagnostics  are  used. 
Upon  power-up  detailed  diagnostics  are  performed  once, 
which  takes  up  to  several  minutes  and  in-flight  a  smaller 
subset  of  tests  are  performed  to  determine  the  health  of  the 
instrument.  If  the  host  computer  fails  or  if  the  host  is  not  able 
to  reset  any  of  the  embedded  controllers,  a  pilot  fault  signal 
initiating  manual  reset  by  the  pilot  is  generated.  Also  upon 
power-up  each  time,  the  host  computer  searches  for  and  reads 
the  most  recent  configuration  from  the  hard  disk  or  floppy 
drive.  The  configuration  file  contains  information  like  flight 
leg  timings,  view  vectors,  etc.,  and  the  host  transmits  the 
information  to  the  embedded  controllers.  This  allows  for 
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quick  configuration  setup  and  changes  before  flight.  The  real 
time  clocks  on  the  host  and  the  PCC  are  reset  to  synchronize 
with  the  GPS  clock  upon  power  up. 

The  software  on  the  PCC  stores  the  data  from  1  data  leg, 
which  can  be  of  any  reasonable  length,  in  battery  backed 
memory.  This  is  to  have  a  backup  of  the  mission-critical  data 
in  case  of  a  host  computer  storage  failure.  In  addition  the 
data  from  the  aircraft  INS  is  obtained  through  an 
asynchronous  serial  link  at  the  host  computer.  This  data  is 
obtained  once  a  second  with  a  delay  of  one  second.  The  time 
reference  of  this  data  is  incremented  by  one  second  and  the 
data  is  integrated  along  with  the  spectrometer  scan  data. 

INSTRUMENT  OPERATION 


subsystems  are  removed  from  the  aircraft  and  the  calibration 
procedure  is  repeated  in  the  same  configuration  as  in  the 
aircraft  with  the  aircraft  window  in  place. 

FUTURE  IMPROVEMENTS 

Several  improvements  to  the  system  are  being  currently 
implemented  and  planned  for  the  future.  A  new  detector 
manufactured  by  Hamamatsu  Corporation,  S6204,  is 
proposed.  In  addition  to  having  a  built  in  2  stage  TEC  which 
enables  lower  detector  operating  temperatures,  the  detector 
has  higher  detectivity  than  the  current  detector  at  the  same 
temperature.  This  will  allow  a  combination  of  increased 
spectral  resolution  and  greater  sensitivity  over  low  radiance 
targets. 


The  spectrometer  is  calibrated  before  flight  using  a  76  cm 
(30")  diameter  spherical  integrating  sphere  which  itself  is 
calibrated  using  a  NIST  standard  lamp  and  a  transfer 
spectrometer  [6].  This  calibration  is  performed  usually  4-6 
hours  before  flight,  in  the  detached  Q-bay  hatch  at  the 
planned  flight  azimuth  and  elevation,  with  the  aircraft 
window  in  place.  The  hatch  is  then  integrated  with  the 
aircraft  and  the  configuration  file  loaded.  Manual  check  of 
cabling  and  system  operation  is  performed.  The  window  and 
the  hatch  are  cleaned  each  time  before  flight  to  remove 
contaminants  that  may  affect  the  signal. 

Typically  three  data  legs  are  flown  for  each  satellite 
contact,  with  the  center  of  one  of  the  legs  coinciding  within  a 
few  seconds  of  the  satellite  overpass.  Each  data  leg  at 
present  takes  about  20  minutes,  centered  on  about  5  minutes 
of  data  collection.  The  remainder  of  the  time  is  required  for 
the  pilot  to  get  into  position  and  turn  around  at  the  end  of  the 
leg.  Before  the  data  legs,  the  host  commands  the  gimbal 
controller  to  set  the  desired  azimuth  and  elevation  angles. 
The  host  then  starts  and  stops  the  data  collection  at  the  preset 
times.  Zero  radiance  baseline  data  iS  collected  before,  after 
and  in  between  the  data  legs  with  the  entrance  slit  blocked  by 
the  turret  wheel. 

The  data  is  stored  on  the  PCMCIA  hard  disk  which  is 
easily  removed  when  the  aircraft  lands  for  analysis  and 
archival.  Data  from  the  contact  leg  is  also  stored  on  the 
battery  backed  RAM  as  a  backup  in  case  there  is  a  hard  disk 
or  host  computer  failure  in  flight. 

The  spectrometer  is  purged  with  dry  nitrogen  a  few 
minutes  before  take  off  to  minimize  the  chances  of  water 
vapor  condensation  on  the  optics  A  hatch  heater  and  heat- 
wrap  around  the  spectrometer  chassis  are  used  to  provide 
additional  heating.  After  the  flight  typically  within  a  few 
hours  of  landing,  the  Q-Bay  hatch  and  the  instrument 


An  in-flight  radiance  calibration  source,  (an  8W  quartz- 
halogen  lamp  in  a  5  cm  diameter  integrating  sphere),  has 
been  added  to  the  turret  wheel  and  will  be  tested  during  the 
next  calibration  mission.  An  in-flight  wavelength  calibration 
source  is  also  desirable,  and  suitable  designs  are  being 
evaluated. 

Replacing  the  existing  gimbal  mechanism,  which  has 
unidirectional  repeatability  of  1  degree  and  maximum  slew 
rate  about  15  degrees/minute  by  a  commercially  available 
gimbal  system  with  0.05  degree  precision  and  slew  rate  of  60 
degrees  /sec  is  being  investigated. 

An  ER2-TDRSS  link  is  being  established  for  data 
downlinking  and  control  command  uplinking.  Thie  link  is 
planned  to  be  tested  during  the  next  mission  and  will  enable 
the  manual  monitoring  and  control  of  the  instrument  in-flight. 

AVHRR  Ch1  Counts  Vs.  Radiance 
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Figure  6:  NO  A  A  14  AVHRR  Band  1  result,  July  1995 
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RESULTS 


In  its  present  form,  HAUCSS  has  been  used  to  calibrate 
GOES-8  Imager  in  Oct  1994  and  NOAA-14  AVHRR  in  July 
1995.  Good  data  quality  was  achieved  on  both  missions. 
Fig.6  shows  HAUCSS  radiance  corresponding  to  AVHRR 
band  1  (extrapolated  to  TO  A)  plotted  against  NOAA-14 
AVHRR  band  count  difference  (averaged  over  the  HAUCSS 
footprint),  for  the  spatial  translation  corresponding  to 
maximum  correlation  between  the  two  data  sets.  The  slope 
of  this  line  represents  the  HAUCSS  solution  for  the  gain  of 
this  band.  Comparison  of  these  results  with  those  of  Rao  and 
Vermote  shows  agreement  within  one  sigma  uncertainty 
estimates  in  band  2,  but  at  the  2  sigma  level  in  band  1. 
Causes  for  this  apparent  discrepancy  are  currently  being 
investigated. 

A  series  of  underflights  of  GOES-9  imager  and  NOAA-14 
AVHRR  is  planned  for  April,  1996,  at  Railroad  Playa,  NV. 
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Abstract  -  Monitoring  ground  conditions  through  land- 
surface  reflectance  retrieval  from  satellite  data  in  the  solar 
spectrum  requires  accurate  radiometric  corrections.  Such 
corrections  have  been  usually  decoupled  in  atmospheric, 
topographic  and  intrinsic  angular  corrections.  Actually,  the 
decoupling  is  only  possible  when  the  effects  are  described  at 
the  first  order  of  approximation,  and  the  actual  coupling 
introduces  non-linear  terms  which  must  be  also  accounted 
for.  In  a  full  description  of  the  effects,  inversion  of  surface 
reflectance  from  measured  radiance  values  becomes  almost 
impossible,  unless  some  assumptions  are  made.  In  this  paper, 
a  review  is  made  of  the  different  alternative  formulations,  and 
a  complete  model  is  proposed  to  simultaneously  account  for 
spatially  varying  atmospheric,  topographic  and  angular 
effects  in  such  a  way  that  practical  application  to  actual 
remote  sensing  data  (model  inversion)  is  possible  while  still 
keeping  consideration  of  all  the  major  intervening  effects. 

INTRODUCTION 

The  derivation  of  land-surface  reflectance  from  satellite 
data  in  the  solar  spectrum  (visible/infrared)  requires  accurate 
removal  of  radiometric  distorsions,  including  atmospheric 
effects,  topographic  effects  and  intrinsic  angular  effects  due 
to  non-Lambertian  behaviour,  particularly  when  comparisons 
are  done  with  varying  illumination/viewing  geometry. 
Horizontal  variability  of  atmospheric  parameters  in  the  case 
of  flat  surfaces,  horizontal/vertical  variability  in  the  case  of 
mountainous  terrain,  and  intrinsic  atmospheric  angular  effects 
must  be  taken  into  account.  Topographic  effects  change  the 
local  illumination  conditions,  and  introduce  additional 
multiple  reflection  terms.  A  realistic  (non-Lambertian) 
model  for  the  surface  reflectance  must  also  be  taken  into 
account.  Although  angular  effects  due  simply  to  non- 
Lambertian  behaviour  are  important  in  the  case  of  sensors 
with  off-nadir  viewing  capabilities,  topographic  effects  play  a 
major  role  and  are  the  most  important  distorsion  for 
quantitative  interpretation  of  the  data,  mainly  because  they 
introduce  significant  'relative'  differences  among  pixels  of  an 
image,  then  difficulting  application  of  techniques  like 
classification  or  physical  parameters  retrievals.  The  actual 
correction  of  topographic  effects  will  not  be  possible  in  a 
systematic  way  until  we  have  a  full  accurate  Digital  Elevation 
Model  (DEM)  of  the  Earth  surface,  but  methods  can  already 
be  derived  and  tested  over  pilot  areas. 

ATMOSPHERIC  EFFECTS 

Atmospheric  effects  in  remote  sensing  are  currently  very 
well  known,  and  accurate  description  of  such  atmospheric 
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effects  is  possible  by  using  Modtran  [1]  or  other  similar 
codes.  For  practical  purposes,  some  assumptions  are  required 
[2]  [3].  First,  usually  the  atmospheric  structure  is  not 
precisely  known,  so  that  we  can  not  run  sophisticate  radiative 
transfer  models  with  uncertain  inputs.  Also,  the  use  of 
explicit  full  radiative  transfer  calculations  is  computationally 
inadequate  for  our  purposes.  The  basic  assumption  made  in 
the  model  adopted  in  this  case  is  that  all  the  atmospheric 
effects  can  be  described  after  defining  five  major  terms: 


-  direct  'down'  transmittance: 

-  diffuse  'down'  transmittance: 

t 

-  direct  'up  transmittance:  Tdii<i^v) 

T 

-  diffuse  'up'  transmittance:  TdiK'^v) 

-  intrinsic  reflectance:  patm(''^S’^v) 

-  spherical  albedo:  S 


Such  terms  are  calculated  by  using  a  radiative  transfer 
model.  A  modified  version  of  the  6S  code  [2]  is  used  in  the 
present  study  for  computing  all  the  parameters.  Accuracy  of 
the  transmittance/radiance  terms  is  evaluated  by  means  of  the 
Modtran-3  code  [1],  especially  when  data  within  the 
atmospheric  gaseous  absorption  bands  have  to  be  considered 
for  a  particular  sensor,  due  to  the  poor  description  of  the 
scattering/absorption  coupling  effects  in  the  6S  code. 

A  major  problem  is  the  derivation  of  the  required 
atmospheric  inputs.  If  not  available  as  external  information, 
they  can  be  retrieved  from  the  image  itself,  provided  a  pre¬ 
knowledge  of  the  surface  reflectance  for  some  reference 
surfaces.  In  the  adopted  implementation,  once  a  reflectance 
value  (for  each  one  of  all  the  available  spectral  channels)  is 
assumed  for  a  reference  surface,  the  atmospheric  parameters 
are  derived  by  numerical  non-linear  inversion  of  the  full 
atmospheric  model  (with  compensation  for  target  altitude  and 
multiple  scattering  terms).  Five  atmospheric  parameters  are 
inverted  from  the  available  surface  reflectance  information  in 
order  to  describe  the  atmospheric  structure:  column  integrated 
water  vapor  amount,  aerosol  concentration  (visibility),  two 
effective  parameters  for  aerosol-type  characterization  and  one 
parameter  describing  the  dominant  scattering/absorption 
coupling  behaviour. 

Once  such  parameters  are  derived  from  several  reference 
points  in  the  image,  interpolation  to  the  image  continuum  is 
done  by  a  topographic-compensating  technique,  assuming 
that  topography  is  driving  the  vertical  profile.  Analysis  of  the 
outputs  of  mesoscale  meteorological  model  calculations  for 
the  spatial  distribution  of  atmospheric  water  vapor  shows  that 
this  approximation  would  require  incorporation  of  mesoscale 
atmospheric  circulation  in  order  to  better  describe  water 
vapor  distribution,  especially  over  large  areas,  like  those 
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included  in  a  full  AVHRR  scene.  The  effects  become 
insignificant  for  small  areas  (like  Landsat  or  Spot  scenes). 

TOPOGRAPHIC  EFFECTS 

Topographic  effects  play  a  major  role  in  disturbing 
observation  from  space.  On  the  one  hand,  they  produce  a 
vertical  geometric  distorsion  in  the  images  introducing 
horizontal  displacement  due  to  relief,  especially  significant 
for  off-nadir  looking  sensors.  But  the  most  important  effects 
are  radiometric;  variation  of  the  atmospheric  (optical) 
properties  with  height,  and  mainly  the  relative  changes  in 
slope  and  orientation  which  introduce  variations  in  local 
illumination  conditions.  Pixels  can  now  be  illuminated  or  in 
shadowed  areas  (including  self-shadowed  areas  and  cast- 
shadowed  areas  due  to  local  horizons  over  solar  elevation). 
Also,  diffuse  radiation  can  not  be  longer  considered  simply  as 
isotropic,  and  modeling  of  directional  distribution  of  diffuse 
irradiance  is  necessary,  as  well  as  the  corresponding  (local) 
sky  view  factors  for  each  type  of  direct/diffuse  illumination 
components.  The  surface  reflectance  model  must  also  be 
considered  as  realistically  non-Lambertian,  with  explicit 
treatment  of  direct/diffuse  illumination  components  as 
varying  local  illumination  conditions.  Finally,  topography 
also  changes  the  adjacency  effects  of  the  surroundings  over 
the  apparent  reflectance  of  a  target,  as  well  as  introduces 
additional  terms  related  to  multiple  reflections  with  adjacent 
slopes,  including  slopes- target  and  slopes-atmosphere-target 
contributions. 

Of  course,  not  all  the  terms  have  the  same  importance,  but 
none  can  be  neglected  in  the  general  case.  The  key  question 
is  how  to  take  into  account  all  the  major  effects  while  still 
have  a  mathematically  tractable  model  which  could  allow 
model-inversion.  For  that  objective,  the  definition  of  the 
local  horizon  line,  and  the  radial  distance  target-horizon  for 
each  relative  orientation  with  the  Sun,  plays  the  basic  role  in 
defining  a  simple  parameterization. 

INTRINSIC  SURFACE  ANGULAR  REFLECTANCE 
EFFECTS 

The  intrinsic  angular  effects  are  due  to  the  fact  that  even  in 
the  case  of  flat  areas  and  horizontally  homogeneous 
atmosphere,  the  measured  reflectance  over  the  same  surface 
types  under  different  illumination/viewing  geometry  can  be 
different  due  to  the  general  non-Lambertian  behaviour.  For 
accurate  description  of  such  angular  effects,  a  detailed 
knowledge  is  required  of  each  type  of  surface,  due  to  the 
different  quantitative  and  also  qualitative  behaviours.  For 
practical  purposes,  the  only  possible  alternative  is  a 
’normalization'  procedure  which  allows  reduction  of  the 
spatially  varying  measured  radiances  to  a  common  reference 
illumination/viewing  geometry.  Such  normalization 
procedure  implies  that  we  are  no  longer  dealing  with 
directional  reflectance,  but  with  surface  albedo.  In 
multitemporal  studies,  the  relative  albedo  must  be  also 
normalized  to  a  reference  Sun  angle  for  quantitative 
comparisons.  In  any  case,  a  model  of  the  surface  reflectance 
is  required  to  allow  such  normalizations. 


The  particular  reflectance  model  used  here  has  been 
derived  from  more  general  methods  already  used  for  AVIRIS 
data  [4].  The  new  model  has  been  still  limited  to  six 
parameters  as  a  minimum  compromise.  Although  more 
sophisticate  models  can  be  used,  the  reflectance  model 
required  for  topographic/angular  normalization  must  be  very 
simple,  because  at  this  level  no  pre-information  about  the 
surface  has  to  be  assumed,  and  then  any  method  depending 
on  particular  surface  types  must  be  avoided.  The 
'normalization'  of  N  different  images  (acquired  at  N  different 
illumination/viewing  angles)  is  then  achieved  by  inverting  the 
bidirectional  surface  reflectance  model  for  the  N  available 
angular  measurements.  Once  the  surface  intrinsic  parameters 
are  retrieved,  a  final  output  image  can  be  generated 
representing  a  'normalized'  surface  property,  typically  surface 
(spectral)  albedo  (after  angular  integration)  for  a  reference 
Sun  angle  (nadir  reference  illumination  conditions).  Of 
course,  no  time  variation  is  assumed  in  surface  conditions  for 
such  approach.  In  the  cases  where  surface  changes  are  to  be 
monitored  over  also  changing  illumination  and  viewing 
conditions,  the  alternative  modeling  requires  additional 
parameters  accounting  for  surface  changes.  Otherwise,  a 
reference  illumination  is  used  for  normalization,  without 
attempts  to  correct  intrinsic  surface  bidirectional  effects.  The 
output  illumination-corrected  reflectance  images  must  then  be 
interpreted  by  additional  processing  to  separate  the  changes 
due  to  different  viewing  angles  from  the  actual  changes  in  the 
surface,  because  in  such  cases  only  the  relative  illumination 
can  be  accounted  for  in  a  general  case. 

COMBINED  MODELING  FOR  APPLICATION 
TO  REMOTE  SENSING  DATA 
BY  INCLUDING  COUPLING  EFFECTS 


After  consideration  of  different  alternatives  and  looking  for 
a  complete  but  efficient  reflectance  formulation,  the  apparent 
reflectance  at  the  sensor  can  be  written,  after  some 
simplifications  and  assumptions,  as 
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surfaces  illuminated  with  low  local  incidence  angles  in 
topographically  structured  areas. 
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where  the  terms  within  brackets  labeled  by  p  represent 
different  surface  reflectance-type  contributions,  describing 
the  bidirectional  behaviour  of  the  target,  the  surrounding 
environment  and  adjacent  slopes,  as  coupled  to  the  different 
atmospheric  terms.  The  remaining  symbols  are  effective 
geometric  parameters  to  be  derived  from  the  DEM  in  order  to 
account  for  topographic  effects  (local  horizon,  sky  view 
factors,  effective  local  roughness,  etc.).  An  additive 
modeling  is  adopted,  still  keeping  description  of  all  major 
non-linear  effects  due  to  multiple  reflections.  Details  and 
particular  expressions  of  the  different  terms  involved  are 
given  in  [3]. 

This  rather  complicated  formula  is  however  the  result  of  a 
series  of  approximations,  the  main  of  which  is  the  decoupling 
between  geometric- shape  terms  (derived  from  a  DEM  for  the 
surroundings  of  each  pixels,  after  determining  the  local 
horizon  line)  and  the  actual  bidirectional  (angular)  reflectance 
terms  of  the  surroundings  of  the  central  target.  The  actual 
contributions  can  be  accurately  evaluated  in  a  'forward'  mode 
(theoretical  simulations),  by  using  Montecarlo  techniques,  for 
instance,  but  they  can  never  be  resolved  is  a  'backward'  mode 
(reflectance  model  inversion)  when  starting  for  actual 
reflectance  measurements.  The  resulting  expression  is  a 
compromise  between  simple  formulation  and  retention  of  the 
major  present  effects,  still  allowing  model  inversion  by 
iterative  techniques. 

The  major  limitation  is  the  computational  time  required. 
Note  however  that  the  most  time-consuming  calculations  are 
done  only  once  for  a  given  area  (for  each  DEM),  and  many 
intermediate  calculations  can  be  sped-up  by  using  pre¬ 
calculated  look-up-tables  for  typical  situations.  The  spatial 
resolutions  at  which  we  are  actually  working  and  the 
availability  of  accurate  digital  models  of  the  surface 
topography  is  currently  representing  a  challenge  for  existing 
simple  formulations  of  topographic  corrections. 

The  effects,  however,  are  not  only  significant  when 
working  with  high  spatial  resolution.  Even  at  scales  of  1-5 
km  resolution  (like  data  from  AVHRR,  Meteosat,  GOES, 
etc.)  topographic  effects  play  a  major  role,  not  only  for  the 
derivation  of  surface  reflectance  and  albedo,  but  also  for 
cloud  screening  techniques  due  to  the  influence  of  bright 


A  general  algorithm  for  describing  and  correcting 
atmospheric/topographic/angular  effects  in  optical  remote 
sensing  data  has  been  developed,  by  including  the  coupling  of 
the  three  types  of  intervening  effects  as  they  actually  appear 
in  natural  surfaces  with  topographic  structure. 

Most  of  the  algorithm  has  been  developed  as  a 
modification/enhancement  of  the  existing  6S  code  [2].  In 
order  to  make  the  code  computationally  efficient  and  to 
introduce  the  required  additional  capabilities,  it  has  been 
significantly  changed,  allowing  for  a  better  description  of  the 
scattering/absorption  coupling  terms,  as  well  as  the  coupling 
surface  BRDF/botton  boundary  conditions  in  the  atmosphere, 
and  mainly  to  introduce  full  account  for  topographic  effects. 

The  formulation  is  fully  sensor-independent.  Actually,  the 
same  model  has  been  applied  to  extreme  spectral  cases,  like 
AVHRR  (satellite)  and  AVIRIS  (aircraft),  by  changing  only 
the  spectral  filter  functions  applied  to  the  output  terms  to 
derive  the  corresponding  spectral  values  for  each  sensor 
channel,  and  also  to  two  extreme  spatial  cases:  high 
resolution  Landsat  TM  data  with  a  10m  resolution  DEM,  and 
low  resolution  AVHRR  data  with  a  900m  resolution  DEM. 
The  importance  of  the  effects  in  both  high  and  low  resolution 
data  has  been  analyzed,  and  the  accounting  for  the  different 
radiometric  effects  is  proven  to  be  consistent  for  both  very 
different  resoluti  n  data  because  of  the  generality  of  the 
developed  algorithms.  A  general  formulation  of  radiometric 
corrections  is  required  for  inter-sensor  comparisons  and 
multi-sensor  studies,  in  order  to  guarantee  compatibility  in 
treatments  at  the  same  order  of  accuracy. 
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ABSTRACT 

Raman  lidar  measurements  at  different  wavelengths  have 
become  a  well-established  technique  to  obtain  water  vapor 
profiles.  Measurements  of  the  atmospheric  distributions  of  water 
vapor  have  been  made  with  the  LAMP  lidar  (Laser  Atmospheric 
Measurement  Program)  during  the  1995  Case  I  measurement 
program  on  Wallops  Island,  VA.  The  simultaneous  measurements 
obtained  fixim  the  vibrational  Raman  technique  at  night  using  the 
visible  signal  ratio  of  660/607  nm  and  the  ultraviolet  signal  ratio 
of  295/285  nm  were  compared  in  order  to  validate  the  Raman 
technique  for  the  UV  channel.  Correlations  of  the  water  vapor 
between  the  visible  and  UV  channel  were  made,  producing  an 
overall  average  correlation  of  0.94.  Data  sets  with  detailed 
vertical  ni^t  time  profiles  fi'om  the  surface  to  4  km  are  presented. 
In  addition,  da54ime  vertical  profiles  fi'om  the  surface  to  about  1 
km  are  also  shown. 

INTRODUCTION 

Water  vapor,  one  of  the  most  variable  constituents  in  the 
atmosphere,  has  a  major  influence  on  the  Earth’s  energy  budget 
and  climatic  system.  For  instance,  changes  in  the  Earth’s  climate 
may  occur  when  tremendous  amounts  of  energy  are  transferred 
into  the  atmosphere  in  the  form  of  latent  heat  as  water  evaporates 
and  when  energy  is  extracted  from  the  atmosphere  in  the  form  of 
sensible  heat  as  water  vapor  condenses  [1].  Also,  water  vapor 
participates  as  a  dominant  "greenhouse”  gas  by  absorbing  and 
trapping  the  radiation  that  is  remitted  by  the  Earth  particularly  in 
the  5  to  7  pm  spectral  region  [2].  Because  of  water  vapor’s 
important  role,  an  imderstanding  of  its  spatial  and  temporal 
distribution  in  the  atmosphere  is  needed  to  obtain  knowledge  of 
many  of  Earth’s  atmospheric  processes.  Some  of  the  most 
commonly  used  methods  of  measuring  water  vapor  are 
radiosondes,  satellite  observations,  meteorological  towers,  and 
remote  sensing  instruments,  such  as  DIAL  and  Raman  lidars  [3]. 

In  particular,  the  Raman  lidar  technique  has  exhibited  the 
ability  to  produce  high  spatial  and  temporal  resolution 
measurements  of  water  vapor,  however,  most  of  these 
measurements  are  limited  to  nighttime  operations.  Daytime 
operations  are  difficult  because  of  the  high  background  of  solar 
radiation.  A  solution  to  this  problem  is  to  operate  with 
wavelengths  in  the  “solar  blind”  spectral  region  between  230  and 
300  nm  [4].  This  technique  is  based  on  the  principle,  that 
stratospheric  ozone  absorbs  most  of  the  solar  radiation  between 
230  and  300  nm  in  the  Hartley  band  and  wavelengths  in  the 
Higgins  bands  which  extend  to  340  nm  [5].  A  disadvantage  to 


operation  in  this  spectral  region  is  that  absorption  by  tropospheric 
ozone  and  strong  molecular  scattering  will  Imut  the  transmission 
path  of  the  laser  h^t  Therefore  a  correction  for  the  attenuation  of 
the  laser  light  by  ozone  absoiption  must  be  applied  when 
operating  with  wavelengths  between  230  and  300  nm. 

In  this  paper,  we  will  discus  the  correction  that  is  applied  to  the 
water  vapor  measurements  to  account  for  the  attenuation  of  the 
laser  light  due  to  the  wavelength  dependence  of  molecular 
(Rayleigh)  scattering.  In  addition,  there  will  also  be  a  discussion 
about  the  correction  that  is  needed  for  the  U  V  channel  because  of 
the  difference  in  absorption  of  the  water  and  nitrogen  lines  due  to 
ozone  in  the  Hartley  band.  Then,  simultaneous  measuremaits  of 
water  vapor  profiles  for  visible  and  UV  channels  will  be 
compared.  Finally  data  sets  showing  daytime  vertical  profiles 
obtained  fi'om  the  UV  channel  will  be  displayed  and  analyzed. 

INSTRUMENTATION 

A  multi-wavelength  Rayleigh/Raman  lidar  was  built  at  the 
Pennsylvania  State  University  in  the  summer  of  1 991 .  The  Laser 
Atmospheric  Measurement  Program  (LAMP)  was  developed  to 
study  the  properties  of  the  middle  and  lower  atmosphere  (0-80 
km).  LAMP  utilizes  a  Nd:  YAG  laser  that  has  a  pulse  repetition 
frequency  of  20  Hz  and  a  fimdamental  wavelength  of  1064  nm. 
The  Nd:YAG  laser  is  doubled  and  quadrupled  by  nonlinear 
crystals.  The  laser’s  output  energy  per  pulse  is  1 .5  J  at  1064  nm, 
0.6  J  at  532  nm  and  80  mJ  at  266  nm.  LAMP  transmits  both  the 
532  nm  and  the  266  nm  wavelengths.  The  system  contains  a  f/1 5 
Cassegrain  telescope  which  collects  the  backscattered  signal  and 
sends  it  over  a  fiber  optic  cable  to  a  detector  box.  LAMP  s 
detector  box  measures  the  vibrational  Raman  backscatter  return 
fiom  HjO,  Nj  and  O,  in  the  UV  at  295  nm,  284  nm  and  277  nm, 
respectively,  with  photon  counting  photo  multiplier  tubes  (PMT). 
In  the  visible  it  measures  the  vibrational  Raman  return  of  H2O  and 
Nj  at  660  nm  and  607  nm,  respectively,  and  the  rotational  Raman 
return  at  528  nm  and  530  nm  with  photon  counting  PMT’s  and 
the  Rayleigh  backscatter  return  at  532  nm  with  an  analog  detector. 
LAMP’S  coaxial  configuration  allows  for  near  field  as  well  as  far 
field  measurements. 

From  September  9  to  September  22, 1 995,  LAMP  participated 
in  the  CASE  1  program  on  Wallops  Island, VA.  During  the 
program,  coincident  measurements  of  atmospheric  structure 
properties  and  water  vapor  and  ozone  distributions  were  made  by 
several  different  instruments.  The  NASA/GSFC  (Goddard  Space 
Flight  Center)  Raman  water  vapor  lidar  was  among  those 
instruments  which  were  included  in  the  measurement  program. 
There  were  also  a  series  of  radiosondes  and  ozone  sondes 
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launched  by  the  staff  at  NASA  Wallops.  Also  the  NASA/LSFC 
aircraft  water  vapor  lidar  experiment,  LASE,  had  overflights  on 
several  occasions  during  the  campaign.  The  data  from  each  of 
these  instruments  is  intended  to  be  used  in  cooperative 
investigations  between  the  various  groups. 


gas,  the  integral  of  the  optical  thickness  is  given  by 
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DATA  ANALYSIS 

The  water  vapor  content  of  the  atmosphere  can  be  expressed  as 
the  ratio  of  its  mass  to  the  mass  of  ambient  dry  air,  known  as  water 
vapor  mixing  ratio  (g/kg).  In  lidar  measurements  of  water  vapor 
in  the  visible  channel,  the  mixing  ratio  is  expressed  as 


w(z)  =  — = - —  =  K  — - 

^,ryatri^)Kryair  ^  iz) 


(1) 


where  n  is  number  density,  M  is  molecular  mass,  is  the 
calibration  constant  and  and  are  the  Raman  backscatter 
count  rates  for  water  vapor  anci  nitrogen  in  the  visible, 
respectively  [6].  The  nitrogen  signal  is  used  because  nitrogen 
represents  a  constant  portion  of  dry  air.  Taking  the  ratio  of  two 
neighboring  wavelengths  eliminates  many  of  the  unknown  factors 
within  the  lidar  equation,  such  as  telescope  form  factor,  absolute 
detector  sensitivity  and  transmitted  power.  However,  parameters 
that  are  wavelength  and  altitude  dependent  such  as  molecular 
scattering  and  ozone  absorption,  are  not  canceled  in  the  ratio  and 
must  therefore  be  eliminated  via  a  correction  procedure. 

The  strength  of  Rayleigh  scatter  is  proportional  to  the 
atmospheric  density.  As  light  passes  though  the  atmosphere  the 
loss  of  light  due  to  molecular  scattering  over  a  distance  z  can  be 
expressed  as 


-(J^jn{r)dr 
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(2) 


where  a  is  the  temperature  gradient.  Therefore,  assuming  that  the 
molecular  scattering  is  the  only  wavelength  dependent  attenuation, 
the  corrected  water  vapor  mixing  ratio  is  given  by 


(6) 


We  know  also  that  the  particle/aerosol  attenuation  can  add  a 
wavelength  dependent  term,  however  this  contribution  is  difficult 
to  estimate  and  its  contribution  is  generally  less  significant. 

In  the  UV  spectral  region  the' absorption  due  to  ozone  must  also 
be  considered.  By  measuring  the  Raman  back  scatter  of  Nj  and  O2 
it  is  possible  to  obtain  the  integrated  ozone  column  density  for  the 
altitude  range  of  interest.  Similar  to  (1)  the  expression  for  the 
ozone  column  density  is  found  by  taking  the  ratio  of  the  0^  and  Nj 
Raman  back  scatter  signal  in  the  UV  region.  Applying  the  Beer- 
Lambert  law  leads  to  the  following  expression  [8]  for  the 
integrated  ozone  column  density 

- =  — e  °  (7) 


Because  the  ratio  of  Oj  to  is  constant  in  the  lower  atmosphere 
(7)  can  be  used  to  determine  the  ozone  column  density.  The  water 
vapor  is  then  given  for  the  U  V  channel  as 


where  n  is  the  number  density  of  air  and  O;^  is  the  Rayleigh 
scattering  cross  section  for  air  at  the  wavelength  X,  given  by 

„  (3.93±0.05)x10-2«  2 

o,=.i - - - cm^, 
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where  A,  is  in  nm  [7],  This  form  takes  the  variation  of  the 
refractive  index  of  air  into  account.  For  altitudes  well  below  5  km, 
an  analytical  calculation  of  the  optical  thickness  can  be  made 
using  (2),  given  the  temperature  To  and  the  pressure  ^  at  the 
ground  and  assuming  the  temperature  T(z)  decreases  linearly  with 
altitude.  Integrating  the  hydrostatic  equation 


dP_  gM 
dz  kT{z) 


P(z), 


(4) 


where  g  is  the  acceleration  due  to  gravity,  M  is  the  mean 
molecular  mass  of  a  air  molecule,  and  k  the  Boltzmann’s  constant, 
yields  the  atmospheric  pressure  P(z).  Treating  the  air  as  an  ideal 


^H20  ^N2 
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where  are  the  count  rates  at  the  corresponding  wavelength 
already  corrected  for  the  losses  due  to  molecular  scattering  as 
discussed  above.  is  the  calibration  constant  for  the  visible 
channel. 

The  count  rates  at  the  different  channels  are  given  as  the 
difference  between  the  measured  signal  returns  and  the 
background  counts  for  each  of  the  channels.  These  quantities 
follow  a  Poisson  distribution.  For  the  calculation  of  measurement 
error  we  treat  them  as  Gaussian  distributed  variables.  This 
simplification  leads  to  reasonable  estimates  of  the  measurement 
error.  In  (6)  and  (8)  the  only  critical  term  in  the  error  propagation 
is  the  division  by  .  For  <  5  counts  larger  differences 
between  the  exact  and  the  simplified  technique  would  occur  in  the 
error  estimation.  Since  we  only  look  at  data  were  is  bigger 
than  1  count  and  5^^  is  more  than  one  order  of  magmtude  larger 
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than  Sjj  Q  the  critical  condition  never  occurs. 

The  two  calibration  constants  obtained  by 

comparing  the  uncaiibrated  lidar  profile  with  a  profile  from  a 
balloon  sonde.  For  each  hdar  range  bin  we  ratio  the  balloon  water 
vapor  with  uncalibrated  lidar  value  and  take  their  weighted 
average. 


Figure  1.  Vibrational  Raman  lidar  water  vapor  profile  together 
with  a  concurrent  radio  sonde  profile. 

MEASUREMENTS 

Figure  1  displays  a  comparison  water  vapor  mixing  ratio 
measurements  obtained  by  LAMP  and  a  concurrent  radiosonde 


released  3  km  away  from  the  lidar  site  on  September  1 8, 1 995  at 
Wallops  Island  around  02:45  UT.  The  lidar  profile  was  integrated 
over  30  min  and  has  a  height  resolution  of  75  m.  A  comparison  of 
the  lidar  and  the  radiosonde  profiles  show  that  their  fine  structures 
have  similar  characteristics,  thereby,  showing  that  measurements 
between  both  instruments  are  consistent.  Between  ground  and  2.5 
km  both  instruments  reveal  the  same  detailed  layer  structure. 

The  left  panel  of  Figure  2  provides  examples  of  water  vapor 
profiles  measured  by  both  the  UV  and  the  visible  channels 
integrated  over  60  min  starting  at  01:20  UT  on  September  16, 
1995.  On  the  right  panel  the  correlation  between  the  two 
measurements  is  displayed.  Both  the  profiles  are  in  good 
agreement  up  to  2  km.  The  correlation  coefficient  of  the  two 
measurements  is  0.97.  The  good  correlation  between  the  two 
methods  validates  the  data  analysis  for  the  U  V  channel  and  shows 
that  the  technique  can  be  used  for  daytime  measurements. 

Figure  3  shows  an  example  of  a  UV  water  vapor  daytime 
measurement  and  a  concurrent  radiosonde  profile.  The  lidar 
profile  was  taken  on  September  20,1995  at  19:25  UT  using  30 
min  integration.  The  balloon  was  released  at  19:38  UT,  3  km 
away  from  the  laser  site.  The  reduced  range  of  the  da34ime 
measurement  is  due  to  difficulties  in  aligning  the  laser  beam  in  the 
field  of  view  of  the  telescope  when  the  daylight  background  was 
present.  In  the  present  setup  of  the  LAMP  instrument  we  have  to 
rely  on  the  alignment  of  the  prior  night.  Due  to  the  low 
background  level  in  the  UV,  one  can  expect  to  have  a  similar 
performace  during  daytime  as  during  nighttime  (see  Figure  2)  with 
a  correct  alignment. 


Figure  2.  Comparison  of  a  visible  and  a  ultraviolet  (circles)  profiles.  The  bars  indicate  the  measurement  uncertainty.  The  right 
panel  showa  the  correlation  between  the  two,  the  correlation  coefficient  is  0.97, 
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Figure  3.  Daytime  vibrational  Raman  water  vapor  profile  from 
the  UV  channel  togther  with  a  concurrent  radio  sonde  profile. 

CONCLUSIONS 

The  methods  of  using  corrections  for  the  molecular  scattering 
wavelength  dependence  and  the  corrections  of  the  profile  for 
tropospheric  ozone  scattering  have  been  demonstrated.  We  have 
shown  that  using  the  vibrational  Raman  return  fi-om  a  266  nm 
pulsed  beam  at  295  nm,  284  nm  and  277  nm  provides  a  valid 
technique  to  measure  water  vapor  profiles  in  the  lower 
troposphere.  Daytime  measurements  were  performed  with  this 
technique.  However,  to  improve  the  daytime  measurements  it  is 
necessary  to  make  the  system’s  alignment  more  stable  with 
respect  to  time. 
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Abstract  -  Numerical  simulation  on  a  computer  is  one  of  the 
main  methods  used  for  studying  the  possibilities  of  adaptive 
correction  of  turbulent  distortions  of  imaging  forming  in  the 
atmosphere. 

FOUR-DIMENSIONAL  COMPUTER  DYNAMIC  MODEL 
OF  ATMOSPHERIC  OPTICAL  SYSTEMS 

The  scientists  of  the  Institute  of  Atmospheric  Optics 
have  the  experience  in  creation  of  computer  codes  describing 
different  components  of  an  adaptive  system.  The  models  of 
these  elements  have  been  checked  solving  the  atmospheric 
problems.  We  are  working  under  creation  of  4D  computer 
codes  for  calculations  of  optical  waves  parameters 
propagating  in  a  layer-inhomogeneous  and  random- 
inhomogeneous  stratified  media. 

At  present  we  laid  the  groundwork  for  creation  of  4- 
dimensional  (three  spatial  coordinates  and  time)  computer 
system  simulating  the  optical  radiation  propagation  in  the 
atmosphere  under  conditions  of  adaptive  phase  control  of  the 
optical  radiation  parameters.  In  particular,  we  created  the 
numerical  models  of  both  the  separate  components  and  the 
whole  channel  of  adaptive  optical  system.  Nowadays  we 
have  the  operating  programs  which  simulate  the  following 
parameters:  a)  optical  radiation  propagation  when  forming 
the  images  through  the  refraction  and  turbulent  atmosphere, 
b)  low-frequency  part  of  spectral  density  of  turbulent 
atmosphere  for  ground  layer  (atmosphere)  and  for  the  whole 
atmosphere,  c)  different  schemes  and  algorithms  of 
operation  of  wave  front  sensors  of  interference  and 
diffraction  types,  d)  quantum  fluctuations  of  optical  radiation 
beam  are  actual  under  conditions  of  optical  system  operation 
at  weak  emission  flux,  e)  at  last,  different  active  and 
adaptive  control  elements  of  optical  phase,  so-called 
multi-element  segmented  and  deformable  controlled  mirrors. 

As  has  been  shown  and  proved  in  our  papers  we 
managed  to  make  the  following  on  the  basis  of  the  Programs 
a)  to  calculate  correctly  the  statistical  characteristics  of 
optical  wave  intensity  fluctuations  propagating  in  the 
turbulent  atmosphere.  The  calculation  of  the  mutual 
coherence  function  is  possible.  The  given  program  can 
provide  the  calculation  of  statistical  characteristics  of  the 
optical  wave  phase  fluctuations  form  the  \\a\c  equation 
directly.  Program  b)  represents  the  models  of  lo\\  -frequency 
range  of  spectrum  of  atmosphere  turbulence.  In  contrast  to 
intensity  fluctuations,  phase  fluctuations  appear  to  be  more 
sensitive  to  low-frequency  spectral  range  of  atmospheric 
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turbulence.  When  calculating  phase  characteristics  of 
optical  waves  we  use  the  models  of  turbulence  spectrum  with 
finiteness  outer  scale  of  turbulence  both  for  ground  layer  and 
for  the  upper  layers  of  the  atmosphere.  Program  c)  consists 
of  some  subprograms  simulating  the  work  of  interference 
and  Harttmann  wave  front  detectors.  We  investigate  the 
algorithms  of  optical  wave  phase  restoration  using  the 
interferometers  with  reference  wave  and  shift  as  well  as 
some  versions  of  Hartmann  detector.  By  comparing  the 
wave  front  phase  restored  using  one  or  another  method  from 
the  optical  measurements  and  phase  obtained  when  solving 
the  wave  equation  we  hope  to  find  a  correct  and  adequate  to 
problem  description  of  optical  wave  phase  in  the  mode  of 
speckle-structures  formations.  Programs  d)  and  e)  permit 
modeling  of  conditions  of  natural  optical  experiment  and 
estimate  of  efficiency  of  application  of  adaptive  phase 
control  for  correction  of  distortions  in  optical  wave 
including  atmospheric  refraction,  turbulence.  We  are  going 
to  investigate  different  atmospheric  paths,  different  regimes 
of  adaptive  control. 

DEVELOPMENT  OF  MODELS  OF  TURBULENCE 
SPECTRA 

This  chapter  deals  with  the  theoretical  and 
experimental  studies  of  optical  waves  fluctuations  for 
comparing  different  models  of  the  atmospheric  turbulence 
spectra.  Using  the  experimental  data  we  have  investigated 
behavior  of  spectral  density  of  atmospheric  turbulence  in  the 
region  of  large  spatial  scales.  Special  efforts  will  be  done  to 
detect  the  variability  of  large  optical  inhomogeneities  as 
manifestation  of  the  influence  of  thermodynamic  instability^ 
of  the  atmosphere.  In  the  practical  calculations  of 
fluctuations  of  the  optical  waA^es  various  models  are  used  to 
describe  the  spectrum  in  the  region  of  large  scales;  von 
Karman,  Greenwood-Tarazino,  and  Russian  model.  These 
models  have  already  had  two  parameters,  one  of  which  was 
the  so  called  outer  scale  of  turbulence. 

Our  simultaneous  measurements  of  the  structure 
fiinction  of  phase  in  the  "saturation”  region  and  of  the 
turbulence  intensity'  allow  one  to  estimate  the  outer  scale  Lo 
corresponding  to  the  horizontal  transport  of  the  optical 
inhomogeiiciiics.  Since  the  scales  Lo  were  measured  under 
different  meteorological  conditions,  an  attempt  has  been 
undertaken  to  classify  the  results  of  optical  measurements  of 
Lo  depending  on  the  degree  of  thermodynamic  stability  of 
the  atmosphere.  It  was  found  that  the  values  of  exceeding 
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the  mean  value  are  realized  under  the  conditions  of  neutral 
stratification. 

Together  with  the  dependence  of  the  outer  scale  of 
turbulence  on  variations  of  meteorological  parameters  of  the 
atmosphere,  there  exists  anisotropy  of  the  atmospheric 
properties,  in  other  words,  inhomogeneities  with  dimensions 
exceeding  several  meters  possess  the  properties  that  depend 
on  direction.  As  a  consequence,  the  correlation 
characteristics  of  some  parameters  of  optical  waves  appear 
to  be  direction-dependent.  For  example,  random 
displacements  of  an  image,  which  is  formed  by  the  optical 
radiation  passed  through  atmospheric  layers,  exhibit  such 
properties.  The  so-called  coefficient  of  anisotropy  K,  being 
obtained  immediately  in  the  experiment,  varied  in  the 
interval  from  0.62  to  2.57  with  the  mean  value  K  =  1.57 
that  indirectly  indicated  that  the  temperature  induced 
optical  inhomogeneities,  which  produce  the  phase 
fluctuations,  were  anisotropic  in  the  large-scale  region.  The 
relationship  is  quite  obvious  between  the  K  value  and  the 
instability  parameter.  Let  us  compare  the  measured 
variances  (and  their  ratios)  with  those  calculated.  In  the 
numerical  calculations  we  use  the  model  of  the  turbulence 
spectrum  that  makes  it  possible  to  introduce  two  scales  for 
the  outer  scale  of  turbulence.  The  calculations  will  be 
performed  under  the  assumption  of  uniform  optical  paths.  It 
follows  from  our  calculations  that  the  measured  K  values 
can  be  explained  with  the  help  of  the  spectrum  as  a  model 
with  two  different  projections  of  the  outer  scale  of  turbulence 
into  the  vertical  and  horizontal  directions. 

Let  us  finally  analyze  the  our  data  on  the  astroclimatic 
characteristics  obtained  in  the  region  of  the  Elbrus 
mountain.  These  measurements  were  conducted  at  the 
Special  Astrophysical  Observatory.  In  our  analysis  of  the 
experimental  data  we  assume  that  the  atmosphere  is 
stratified  and  its  inhomogeneities  have  the  shape  of 
elongated  ellipsoids  of  revolution.  This  implies  that:  (1)  In 
the  case  of  vertical  propagation  the  image  jitter  must  be 
practically  isotropic.  (2)  The  anisotropy  of  the  jitter  of  an 
optical  source  image  must  be  maximum  for  the  case  of 
horizontal  propagation  and  will  be  determined  by  the 
atmospheric  instability.  In  the  experiment  we  have  used  the 
measurer  of  fluctuations  of  the  angles  of  arrival  of  the  optical 
waves  based  on  the  telescope,  which  was  manufactured 
based  on  the  soviet  TV  tube.  The  parameters  of  the  telescope 
and  the  measurer  ensure  the  detennination  of  angular 
position  of  the  center  of  gravity  of  the  focal  spot  with  the 
accuracy  of  about  0.08"  and  the  measurements  of  its 
deviation  in  the  frequency  range  from  0.01  to  lOOHz.  As  a 
result  we  have  obtained  the  values  of  the  variances  of  an 
image  jitter  and  of  the  orthogonal  components.  Under  the 
near-surface  conditions  one  can  expect  a  strong  anisotropy  of 
the  turbulence  that  leads  to  the  anisotropy  of  the  jittering 
process.  Based  on  the  experimental  data  it  was  revealed 
that:  (1)  In  the  ground  atmospheric  layer  the  outer  scale  of 
turbulence  is  comparable  to  the  height  above  the  underlying 


surface.  (2)  The  value  of  this  outer  scale  appears  to  be 
dependent  on  the  atmospheric  stability.  (3)  In  the  ground 
atmospheric  layer  the  most  large-scale  inhomogeneities  of 
the  atmospheric  turbulence  are  anisotropic.  (4)  From  the 
standpoint  of  vertical  distribution  of  the  atmospheric 
inhomogeneities  one  can  introduce  the  average  integral 
spectrum. 

NEW  RESULTS  WITH  ADAPTIVE  OPTICS  IMAGING 
SYSTEMS  IN  THE  ATMOSPHERE 

The  special  attention  will  be  concentrated  on  the 
investigation  of  efficiency  of  different  active  and  adaptive 
algorithms  for  compensation  of  atmospheric  aberrations. 
The  simulation  will  be  made  taking  into  account  the  finite 
rate  of  control,  with  the  use  of  artificial  beacons,  and  on  the 
base  of  forecast  of  propagation  conditions.  The  requests  to 
the  quality  of  radiated  laser  beams,  parameters  of  a  wave- 
front  sensor,  parameters  of  a  ground-based  telescope  ,  etc. 
will  be  determined.  During  the  optical  experiments  a 
complex  system  has  been  developed  and  designed  for 
measuring  meteorological  parameters.  The  average  values 
of  temperature  and  wind  velocity,  as  well  as  temperature  and 
wind  velocity  fluctuations,  are  measured  at  fixed  levels  above 
the  ground.  As  a  result,  each  optical  experiment  is 
accompanied  by  the  data  on  meteorological  measurements. 
i.e.,  we  calculate  the  intensity  characteristics  of  turbulence, 
the  parameters  characterizing  the  atmospheric  instability. 
The  structure  of  wind  velocity  in  the  ground  layer  is  studied. 
To  analyze  the  atmospheric  turbulence  along  vertical  optical 
paths  we  use  an  optical  meter  of  stellar  image  "tremor" 
constructed  on  the  basis  of  a  mirror  telescope.  It  is  well 
known  that  the  atmospheric  turbulence  limits  to  a  great 
extent  the  performance  of  the  optical  telescopes  operating 
from  the  ground  surface.  We  may  introduce  the  traditional 
determined  by  the  atmosphere,  parameters:  spatial  scale  of 
coherence  of  an  optical  wave  or  the  Fried's  radius,  dimension 
of  isoplanatic  angel  of  visual  field  for  the  layer  of  turbulent 
atmosphere,  "life-time"  of  phase  distortions  in  an  optical 
wave. 

These  characteristics  of  atmospheric  turbulence 
determine  the  structure  of  phase  distortions  at  the  telescope 
aperture  and  technical  parameters  of  telescope  as  the  optical 
transfer  function,  the  point  spread  function  (PSF),  the 
integral  resolution,  the  Strehl  parameter.  These  and  other 
atmospheric  characteristics  for  the  systems  of  image 
formation  can  be  calculated  both  on  the  basis  of  atmospheric 
sounding  at  a  point  of  location  of  telescope  and  on  the  basis 
of  atmospheric  models.  We  are  developing  the  methods  and 
setups  for  sounding  of  optically-active  atmospheric  layer  as 
well  as  the  models  of  the  atmosphere.  In  the  previous  years 
we  have  developed  the  models  for  various  regions  of  the 
former  Soviet  Union.  It  is  of  interest  to  compare  our  models 
with  the  models  for  "good",  from  the  view-point  of 
astroclimate,  place  in  the  world. 
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We  present  the  data  of  calculations  of  atmospheric 
parameters  for  different  models  of  the  atmosphere  with 
deformable  and  segmented  mirrors.  The  PSF  determination 
was  determined  for  the  visible  spectral  range  at  the 
wavelength  0.55mm.  The  calculations  were  made  for  a 
segmented  corrector  whose  number  of  elements  varied 
between  1  (3  degrees  of  freedom)  and  16  (48  degrees  of 
freedom)  and  for  a  deformable  corrector  (20  degrees  of 
freedom). 

From  the  our  results  with  the  parameters  of  real  optical 
telescopes  we  conclude  that  the  most  of  large  designed  and 
put  into  operation  astronomic  telescopes  can  be  attributed  to 
the  class  of  active  telescopes.  Moreover,  that  we  realize  that 
the  total  adaptive  correction  is  difficult  for  large  telescopes. 
For  this  reason  we  pay  much  attention  to  partial  adaptation 
by  means  of  correction  of  lower  aberrations  and  to  the  use  of 
the  methods  of  post-detection  processing.  To  understand  the 
processes  of  image  formation  with  partial  correction  the 
structure  phase  ftinction  provides  a  useful  guide.  The  real 
measurements  of  the  stnicture  phase  function  in  the 
atmosphere  are  few  in  number:  in  the  ground  layer  our 
measurements  and  in  USA  are  well  known,  for  the  entire 
thickness  of  the  atmosphere  are  our  measurements  in 
Zelenchuk,  the  measurements  at  MMT,  and  those  at  NTT. 
Their  results  speak  in  favour  of  inapplicability  of  the 
Kolmogorov-Obukhov  model  [1'4].  This  is  also  confirmed 
by  measurements  m  New  Mexico  region  and  of  group  of 
scientists  from  Japan.  The  corrected  model  of  the  turbulent 
atmsophere  results  in  greater  contribution  of  high-frequency 
aberrations,  and  also  in  anisotropy  of  atmospheric-induced 
phase  distortions.  Taking  into  account  these  problems  we 
have  studied  the  possibilities  of  adaptation  for  large 
telescopes  with  the  use  of  a  secondary'  mirror  [5-9], 

It  is  pertinent  to  note  that  the  applications  of  adaptive 
optics  for  implementation  of  the  total  potential  of  such  a 
high-power  Russian  telescope-project  as  AST-lo  imposes 
heavy  demands  on  the  quality  of  production,  adjustment  and 
phasing  of  a  primary  mirror  (PM).  The  atmospheric 
turbulence  was  a  controlling  factor  of  the  image  quality  for 
pre\ious  generations  of  telescopes.  We  shall  consider  some 
results  of  carried  out  calculations  of  the  PSF  of  the  telescope- 
atmosphere  system.  To  investigate  the  effect  of  AST- 10 
aperture  dephasing  we  gave  the  optical  wave  phase  within 
each  PM  segment  accidcnlall\  wiih  tlic  use  of  a  program 
data  sensor  unit  of  random  numbers  with  normal 
distribution.  Here  shows  the  PSF  for  different  values  of 
dephasing. 

It  concerns  the  operation  of  adaptive  telescope  under  of 
image  formation  from  a  large  number  of  speckles.  A 
phenomenon  of  the  wavefront  dislocations  of  the  optical 
irradiance  propagating  through  the  turbulent  atmosphere. 
Using  the  numerical  simulation  method,  the  effects  of  the 
wavefront  dislocations  on  rhe  adaptive  optical  S3stem 
performance  have  been  imestigated.  We  ha\e  found  a 
connection  between  instability  of  the  phase  conjugation 


efficiency  and  the  reference  wavefront  dislocations.  When 
optical  wave  propagates  through  an  inhomogeneous  medium 
the  finite  number  of  points  occurrence  is  possible,  where 
irradiance  intensity  equals  to  zero  as  consequence  of  partial 
waves  interference.  The  phase  of  the  wave  can  not  be 
defined  in  these  points  and  in  their  vicinity  the  phase  surface 
can  be  described  either  as  a  multi-list  three-dimensional 
surface  or  as  a  broken  two-dimensional  surface.  In  the  last 
case  the  branch  cuts  connect  the  pairs  of  the  screw 
dislocations  with  opposite  sign.  The  classical  description  of 
the  phase  flucinaiions  as  a  value  proportional  to  eikonal 
becomes  imulid  in  this  situation  and  mathematical 
fonnulation  of  the  phase  conjugation  algorithm,  used  in 
adaptive  optics,  is  ill-posed. 

We  have  investigated  formation  of  the  wavefront 
dislocations  in  the  optical  wave  propagated  through  the 
turbulent  atmosphere.  We  used  the  computer  code  that 
allows  us  to  simulate  coherent  irradiance  propagation  in  the 
atmosphere  in  paraxial  approximation  of  the  wave  optics  and 
the  main  elements  of  an  adaptive  optical  system,  such  as  the 
Hartmann  wavefront  sensor  and  various  types  of  the 
wavefront  correctors. 

I  am  pleased  to  Mr.B.Fortes  for  numerical 
calculations  for  this  paper. 
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Abstract  -The  synergetic  approach  of  optical  and  microwave 
remote  sensing  data  has  established  a  new  dimension  in 
remote  sensing  due  to  the  availability  of  different  sensor 
systems  for  earth  observation.  For  the  here  presented 
investigation  TM  data  as  well  as  multifrequency  and 
multipolarization  SIR-C/X-SAR  data  were  used.  On  the 
basis  of  the  Timna  Complex  in  Israel,  a  copper  -  manganese 
-  uranium  ore  deposit,  the  advantage  of  this  synergetic 
approach  shall  be  demonstrated  exemplarily.  The  study  area 
is  located  North  of  Elat  and  West  of  the  Dead  Sea  Rift.  Due 
to  the  fact  that  the  mineralization  is  controlled  mainly  by 
well-defined  horizonts  and  structures,  the  integrated 
utilization  of  Landsat  TM  and  SIR-C/X-SAR  data  allows  a 
far-reaching  verification  of  this  deposit.  While  different 
rocks  can  be  seperated  with  optical  data  by  their  spectral 
signatures  as  well  as  their  albedo,  the  tectonic  inventory  can 
be  detected  by  SAR  data.  Besides  structural  information 
multifrequency  SAR  data  provide  also  important  physical 
information  about  the  surface  roughness  and  the  dielectricity 
as  well  as  the  morphology.  These  parameters  can  be  used 
also  as  additional  parameters  for  the  mapping  of  geologic 
units. 

INTRODUCTION 

The  investigations  in  the  Timna  Valley  are  part  of  an 
international  research  program  in  geology  and  remote 
sensing  carried  out  along  the  Dead  Sea  Rift  system.  Due  to 
the  fact  that  in  the  Timna  Valley  the  mineralization  has  a 
synsedimentary  as  well  as  a  tectonic  history  it  is  an  ideal 
object  for  the  synergetic  use  of  optical  and  microwave  remote 
sensing  data  (SIR-C/X-SAR,  TM). 

The  reasons  for  the  investigation  with  different  remote 
sensing  techniques  are  the  spectral  ranges  and  spatial 
resolutions  describing  the  same  target  from  the  point  of  view 
of  surface  chemistry  (reflective  optics)  and  physical 
quantities  (SAR)  in  a  different  way.  Several  types  of  sensors 
do  not  just  lead  to  a  sum  of  individual  facts,  but  there  is  a 
considerable  synergy  which  helps  to  interprete  the  remote 
sensing  data  more  reliable  and  more  detailed. 

The  here  presented  synergetic  approach  provides 
complementary  information  and  improves  the  verification  of 
the  geolocical  setting  clearly  by  utilization  of  spectral  bands 
in  the  visible  and  infrared  region  on  the  one  side  and  in  the 
microwave  region  on  the  other  side. 


GEOLOGY 

The  Timna  Valley  is  situated  on  the  western  margin  of  the 
Dead  Sea  Rift,  and  north  of  the  junction  with  the  Tamad 
fault,  an  E-W  regional  fault  running  from  the  Gulf  of  Suez 
to  the  Arava  Valley.  The  Tamad  fault  is  probably  a 
Precambrian  structure  rejuvenated  in  the  Miocene  predating 
the  Dead  Sea  Rift.  The  Dead  Sea  Rift  is  a  strike-slip  fault 
with  a  left-lateral  movement,  where  the  eastern  Jordanian 
block  moved  about  100  km  northward. 

The  geologic  setting  of  the  test  area  is  characterized  by  a 
magmatic  Precambrian  massif  surrounded  by  Paleozoic  and 
Mesozoic  sediments.  The  magmatic  core  (Har  Timna)  can  be 
classified  into  basic/ultrabasic  peridotite  and  norite, 
intermediate  diorites  and  monzonites  as  well  as  asidic 
granites  and  syenites.  The  sediments  consist  esentially  of 
sandstones,  limestones,  dolomites  and  subordinately  of  silty 
shales.  Since  the  Timna  Fm.  has  the  greatest  potential  for 
metallic  mineralizations,  especially  Cu  and  Mn,  its  units  are 
dealed  with  in  detail.  The  deposition  of  this  formation  marks 
the  first  Phanerozoic  marine  transgression  in  the  Middle 
East  onlapping  the  cristalline  basement  of  the  Timna  Valley. 
The  Timna  Fm.  can  be  subdivided  into  the  Hakhlil  Mbr.  and 
the  Sasgon  Mbr.  The  Hakhlil  Mbr.  is  composed  of  base 
conglomerates,  laminar  sandstones,  dolomites  and  sandy 
dolomites  and  silty  shales  in  the  upper  part.  The  Sasgon 
Mbr.  can  be  separated  into  the  lower  dolomitic,  middle 
sandy  and  upper  shaly  lithofacies,  the  mineralization  of  Cu 
and  Mn  is  disseminated  in  the  upper  parts. 

MINERALIZATION 

Mineralizations  occur  as  beds,  veins  and  nodules  of 
secondary  hydroxides  of  copper  and  manganese  minerals 
accompanied  by  phosphate  lenses  with  uranium,  mainly 
associated  with  the  Cambrian  Timna  Fm..  The  enriched 
source  rocks  are  of  sedimentary  origin,  the  final  and  major 
enrichment  was  caused  by  hydrothermal  activity  along  faults 
and  joints  of  the  late  Cenozoic  rifting  or  rejuvenated  faults 
[1].  The  indications  for  hydrothermal  epigenetic  activity  are 
veins  of  manganese,  copper,  phosphate  with  uranium  cross 
cutting  the  whole  stratigraphic  section  from  the  Precambrian 
to  lower  Cretaceous  mainly  along  the  NNW-SSE  and  NE- 
SW  directions.  The  mineralized  veins  can  also  be  found 
along  NNW  trending  fault  lines  penetrating  sediments  of  a 
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recent  terrace.  The  dolomites  of  the  Timna  Fm.  are  leached 
along  NNW  and  ENE  trending  faults  [2]. 

DATA  PROCESSING 

For  the  study  and  verification  of  the  geological  setting  and 
the  mineralization  of  the  Timna  Valley  optical  (Landsat  TM) 
as  well  as  microwave  (SIR-C/X-SAR)  data  were  used.  Both 
data  sets  were  processed  in  the  way  to  enhance  their 
information  content  with  regard  to  the  presented 
considerations. 

For  geoscientific  applications  of  multisensor  data  the 
transformation  in  a  consistent  reference  geometry  is  a 
unalterable  requirement.  For  SAR^data  a  parametric 
geocoding  on  the  base  of  a  DTM  was  necessaiy,  which  uses 
carthographic  image  transformations  as  well  as  sensor 
specific  transformations  for  the  correction.  For  that  reason 
the  geometric  correction  has  to  consider  the  sensor  as  well  as 
processor  characterislics,  and  therefore  had  to  be  based  on  a 
rigorous  range-Doppler  approach  [3],  [4],  [5]. 

For  signature  extraction  the  SIR-C/X-SAR  data  were 
additionally  radiometric  corrected  on  the  base  of  the  local 
resolution  and  the  local  incidence  angle.  Especially  in 
mountainous  areas  like  the  Timna  Valley  these  two 
parameters  can  vary  in  a  wide  range  which  reduces  the 
geophysical  interpretation  of  backscatter  phenomena 
dramatically.  For  correction  of  the  relief  induced  distortions 
the  SAR  data  has  to  be  normalized  to  an  uniform  local 
resolution  and  incidence  angle  [4],  [5]. 

Taking  into  account  a  spatial  resolution  of  25  x  25  m 
referring  to  the  DTM  the  great  scale  relief  distortions  can  be 
removed  very  well  while  the  smaller  relief  cannot  be 
corrected.  Beside  this  texture  information  induced  by  the 
small  scale  relief  now  the  surface  roughness  is  the  dominant 
part  influencing  the  variance  of  the  SAR  images. 

In  a  first  step  the  TM-data  were  transformed  to  the  common 
reference  geometry  presented  by  the  geologic  map  via  a 
simple  polynom  rectification.  For  the  assessment  of  the 
spectral  features  the  data  had  to  be  radiometric  corrected,  in 
this  case  a  simple  haze  correction  was  carried  out  [6],  The 
concept  of  the  following  image  proce.ssing  was  to  combine 
and  extract  the  diagnostic  spectral  information  of  the  most 
suitable  TM  band  for  validation  of  the  geologic  setting  and 
especially  the  mineralization  of  the  Timna  Valley. 

The  Sasgon  Member  of  the  Timna  Formation  consisting  of 
sandy  dolomites  and  limestones  contains  the  highest 
enrichment  in  copper  and  manganese.  Due  to  the  high 
content  of  Mn  and  Fe  this  horizon  appears  in  very  dark 
brown,  grey  to  black  colours  with  a  very  low  albedo. 

Many  authors  (e.g.  [7],  [8])  are  favouring  the  TM  band 
combination  1-4-7  in  B-G-R  in  arid  regions  for  the 
presentation  of  geological  features.  Most  of  the  important 
spectral  absorption  features  of  iron  and  hydrothermally 


altered  minerals  are  covered  by  the  TM  bands  4  and  7  [9].  At 
last  band  ratioing  was  performed  to  emphasize  spectral 
differences  between  the  different  surfaces.  In  this  case  the 
object  was  to  elaborate  the  mineralized  Timna  Fm.  on  the 
base  of  their  spectral  features.  This  formation  is 
characterized  by  iron  crusts  due  to  weathering.  Especially 
the  ratio  of  TM  band  4/3  enables  the  separation  of  this 
formation  due  to  the  absorption  features  of  iron  in  this 
spectral  range. 

An  approach  was  carried  out  to  combine  the  different 
information  levels  of  the  two  sensors  in  one  single  image. 
The  objectiv  was  the  visualization  of  the  different  physical 
and  chemical  information  of  the  surfaces  on  the  base  of  their 
spectral  signatures  and  backscattering.  For  this  purpose  the 
TM  image  1-4-7  was  transformed  into  the  IHS  space  and  the 
orginal  intensity  from  the  TM  image  was  replaced  by  the 
first  principal  component  (PC)  of  the  multifrequency  and 
multipolarisation  SAR  image.  Finally  the  image  was 
transformed  back  into  the  RGB  space.  Now  the  image 
contains  the  the  intensity  of  the  SAR  data  and  hue  and 
saturation  of  the  TM  data.  Due  to  the  fact  that  within  the 
IHS  space  only  the  intensity  was  replaced  by  the  SAR  data  in 
the  resulting  image  the  spectral  information  of  the  1-4-7 
combination  was  conserved.  The  effect  of  replacement  of  the 
intensity  by  SAR  data  however  leads  to  an  improved 
illustration  of  structural  and  textural  phenomena  together 
with  the  spectral  information  derived  from  the  TM  data. 

RESULTS 

The  lithological  and  structural  interpretation  of  the  Landsat- 
TM  and  the  SIR-C/X-SAR  data  bases  on  the  geological  and 
structural  map  of  the  Timna  Valley  [10].  In  a  first  step  the 
complementary  data  sets  of  TM  and  SIR-C/XAR  were 
investigated  and  studied  separately  to  demonstrate  the 
potential  of  each  system.  The  multispectral  Landsat-TM  data 
were  analysed  using  the  decorrelated  TM  channels  1-4-7  and 
the  ratio  image  1/3-4/3-7/5  coded  in  B-G-R.  Both  objectives 
the  discrimination  between  the  sedimentary  and  magmatic 
rocks  as  well  as  the  delimitation  of  the  mineralized  Timna 
Fm.  on  the  base  of  their  spectral  features  were  successful. 

To  define  the  individual  properties  of  each  frequency  the 
SAR  bands  were  elaborated  separately.  Additionally  the 
investigation  of  the  SIR-C/X-SAR  date  based  on  the 
processing  of  multifrequency  and  multipolarization  color 
images  (X-,  C-  and  L-Band).  A  combination  of  the  enhanced 
SAR  bands  shows  a  distinct  significance  of  multifrequency 
and  multipolarized  SAR  for  structural  investigations. 
Compared  with  the  single  bands  the  color  image  X/VV- 
C/HH-L/HH  coded  as  B-G-R  enhances  the  inerpretation  of 
the  structural  inventory  clearly  .  The  combination  of  X/VV 
and  the  cross  polarized  bands  C/HV  and  L/HV  offers  a  better 
differentiation  of  the  lithological  units  compared  to  the  like 
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polarizations,  due  to  their  higher  sensitivity  in  surface 
roughness  and  microrelief. 

In  a  last  step  the  different  data  of  the  optical  and  microwave 
part  of  the  electromagnetic  spectrum  were  merged  to 
illustrate  the  complementary  information  content  of  the  data 
sets  in  only  one  image.  The  data  show  clearly  that  the 
general  geological  scenery  is  well  documented,  due  to  the 
different  spectral  behaviour  derived  from  the  TM  data  and 
the  shape,  the  texture  and  the  structural  components  of  the 
different  lithological  units  derived  from  SAR  data. 

CONCLUSIONS 

•  The  integrated  use  of  optical  (TM)  and  SAR  data  (SIR- 
C/X-SAR)  improves  the  geologic  interpretation 
capability  of  remote  sensing  data  clearly. 

•  The  additional  use  of  SAR  data  establishes  the  new 
dimensions  of  surface  roughness  and  small  scale  relief 
information  which  improves  the  discrimination 
significantly  especially  in  areas  with  a  very  uniform 
petrography. 

These  parameters  offer  a  new  possibility  to  derive 
information  about  the  state  of  weathering,  age  and  e.g. 
sedimentary  sequence. 

•  The  SIR-C/X-SAR  system  is  very  suitable  for  geologic 
investigations  due  to  its  multifrequency  (X-,  C-  and  L- 
Band)  and  multipolarization  capabilities. 

•  The  TM  data  show  distinct  spectral  features  which 
allow  a  good  verification  of  different  petrographical 
compositions  related  to  the  geological  units. 

•  The  multifrequency  and  multipolarization  SIR-C/X- 
SAR  data  offer  a  new  dimension  in  structural 
interpretation  in  contrast  to  conventional  SAR  Systems 
like  the  ERS-1/2  with  only  one  frequency  and  one  fixed 
polarization. 

•  The  complementary  of  optical  and  microwave  data 
demonstrated  in  all  discussed  investigations  can  be  used 
for  an  enhanced  interpretation  of  the  geology. 

•  For  geoscientific  applications  of  multisemsor  data  the 
transformation  in  one  consistent  reference  geometry  is 
an  unalterable  requirement. 

•  A  far-reaching  verification  of  the  mineralization  is 
possible: 

-  The  mineralized  Tirana  Fm.  is  detectable  due  to  its 
spectral  features  Fe  ^■‘'/Fe-^'*'  with  the  TM. 

-  The  mineralization  controlled  by  structures  is  mainly 
detectable  by  the  SIR-C/X-SAR  system. 
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Abstract  —  The  potential  of  the  interferometric  correlation 
(coherence)  is  investigated  for  the  mapping  and  monitoring 
of  man-made  structures  in  the  Nadym  region,  Siberia.  The 
area  is  located  in  the  West  Siberian  Lowlands  and  most  of 
the  region  is  underlaid  by  discontinous  permafrost.  Man¬ 
made  structures  such  as  pipelines  are  undergoing  yearly 
heave  displacements  by  thawing  and  freezing  of  the  active 
permafrost  layer.  The  dimension  of  the  displacement  varies 
depending  on  the  underground  and  surface  cover.  Man¬ 
made  structures  are  embedded  in  a  mosaic  of  boreal  forest, 
bogs,  rivers,  small  tundra  lakes  and  tundra  which  impedes 
their  detection.  ERS  SAR  data  acquired  during  the 
ERS-l/ERS-2  tandem  mission  have  been  used  for 
interferometric  processing.  The  coherence  information, 
along  with  intensity  and  intensity  change  information,  is 
demonstrated  to  be  useful  for  the  detection  of  man-made 
structures  in  varying  environments. 

INTRODUCTION 

For  remote  and  inaccessible  areas  such  as  parts  of  the  West 
Siberian  lowlands  spaceborne  radar  remote  sensing  with  its 
allweather  capacity  and  illumination  independance  offers  a 
valuable  tool  for  mapping  and  monitoring  man-made 
structures.  Especially  in  this  taiga  biome  where  permafrost 
is  underlying  most  of  the  region,  land  surfaces  and  their 
man-made  structures  undergo  up-  and  downward 
displacements  due  to  thawing  and  freezing  of  the  active 
permafrost  layer.  A  spaceborne  radar-based  detection  and 
monitoring  of  structures  like  pipelines  and  roads  which 
helps  to  allocate  these  impacts  and  to  assess  the  potential 
hazards  is  of  major  interest  for  the  local  authorithies. 

The  Active  Microwave  instruments  on  board  of  the 
launched  ESA  satellites  ERS-1  and  ERS-2  offer  data  for 
this  mapping  task.  A  promising  technique  is  the  Synthetic 
Aperture  Radar  Interferometry  (INSAR),  where  the  ERS- 
SAR  data  of  two  passes  are  combined  to  derive  terrain 
height  information.  The  availability  of  data  from  the 
tandem  phase  of  ERSl  and  ERS2  with  a  one  day 
acquisition  interval  favours  the  INSAR  technique.  Usually, 
this  technique  is  applied  to  generate  height  and  height 
displacement  maps;  however,  it  has  been  shown  that  SAR 
interferometry  also  has  a  large  potential  for  the  mapping  of 
land  surfaces.  Examples  have  shown  that  an  interferometric 
data  analysis  can  strongly  improve  the  potential  of  SAR 
data  for  landuse  mapping  [1],  [3],  [4].  The  interferometric 


correlation  is  an  additional  parameter  for  the  retrieval  of 
land  use  classes.  Color  composites  such  as  those  created  by 
[3]  using  interferometric  con*elation,  backscatter  intensity 
and  backscatter  intensity  changes  demonstrate  the  use  of 
the  correlation  parameter.  In  this  paper  the  information 
content  of  such  an  RGB  composite  for  the  mapping  of 
man-made  structures  is  evaluated  for  a  testsite  in  Siberia. 
The  study  is  part  of  an  ESA  Pilot  Project  for  the  "Detection 
of  Man-Made  Structures  in  Natural  Environment", 
supported  by  DARA.  Direction  for  future  work  is  the 
measurement  of  the  yearly  permafrost  heave  displacement 
by  differential  radar  interferometry. 

TEST  SITE  AND  DATA  SETS 
The  area  of  investigation  is  located  in  the  northern  part  of 
the  West  Siberian  lowlands.  It  is  situated  at  latitude  of 
65°30’N  and  a  longitude  of  73°15’E  in  the  circumpolar 
taiga  biome.  The  man-made  structures  such  as  gas 
pipelines,  roads,  power  lines  and  buildings  are  embedded 
in  a  mosaic  of  vegetation  composed  by  forest,  grassland, 
shrub,  bog  and  tundra  and  embraced  by  rivers  and  lakes. 
Discontinuous  permafrost  underlies  most  of  the  region.  A 
ground  truth  campaign  has  been  cairied  out  during  August 
1995;  for  additional  verification  a  Landsat  TM  scene  of  the 
26/07/95  has  been  acquired.  The  investigated  region  covers 
approximately  25  km  by  50  km.  The  test  site  is  located  in  a 
river  floodplain  with  a  terrace  level  varying  up  to  25  m  and 
is  considered  as  relatively  flat.  The  first  available 
interferometric  pairs  from  the  tandem  phase  of  ERS-1  and 
ERS-2  (descending  orbits)  have  been  analyzed.  The  scenes 
are  listed  in  Tab.  1. 

Tab.l  Scene  Parameters 


Orbit/  Frame 

Acquisition  Date 

EI-22839/2277-SLC2 

27/1 1 /95 

E2-03166/2277-SLC2 

28/1 1/95 

EI-23340/2277-SLC2 

01/01/96 

E2-03667/2277-SLC2 

02/01/96 

According  to  long-term  meteorological  observations  at  the 
aquisition  times  the  area  is  snowcovered  and  the  monthly 
temperature  mean  is  about  -20®C  which  indicates  freezing 
conditions. 

DATA  PROCESSING 

The  two  images  have  been  coregistered  to  a  subpixel 
accuracy.  The  baselines  are  83  m  for  the  22839/3166  pair 
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and  107  m  for  the  23340/3667  pair.  The  short  baselines  did 
not  require  common-band  spectral  filtering  in  range.  A 
common-band  spectral  filtering  in  azimuth  was  not  applied. 
The  coherence  was  computed  for  subareas  of  1 1  single 
look  pixels  in  azimuth  direction  and  3  single  look  pixels  in 
range  direction  which  covers  an  approximate  ground  area 
of  (4.3  X  11  m)  by  (19  X  3  m).  The  interferometric  phase 
trend  of  the  flat  surface  has  been  subtracted  which, 
according  to  [4],  is  a  neccessary  step  for  an  accurate  phase 
and  coherence  estimation.  The  SAR  image  intensities  have 
been  Frost-filtered  with  a  5  x  5  window  and  averaged  over 
5  looks  in  azimuth  direction.  For  the  RGB  composite,  a 
ratio  of  the  intensity  images  22839/2277  and  23340/2277 
was  calculated.  To  enhance  image  features  two  principle 
component  analyses  have  been  conducted  for  the  four 
intensity  images  and  the  two  coherence  images.  Figs.  1  to  3 
show  these  channels  for  particular  subareas  of  the  test 
region:  Figs,  la,  2a  and  3a  show  the  first  principle 
component  of  the  two  coherence  images;  Figs,  lb,  2b  and 
3b  show  the  first  principle  component  of  the  four  intensity 
images;  and  Figs.  Ic,  2c  and  3c  display  the  intensity  ratio 
images. 

DATA  INTERPRETATION 

Figs,  lb  (raster  square  A/2,3),  2b  (D/2,3),  and  3b  (E/1,2) 
display  a  north -south  transect  of  a  1  km  wide  pipeline  track 
including  9  subsurface  sandcovered  gas  pipelines.  The 
pipeline  track  crosses  various  natural  environments  such  as 
open  boreal  forest,  bogs,  grassland,  river  channels,  tundra 
and  lakes.  The  detectability  of  the  pipeline  track  depends 
on  the  surface  cover. 

Fig.  lb  (A,B/2,3)  displays  the  1  km  broad  pipeline  track 
interrupted  on  the  left  side  of  the  track  by  a  strip  of  open 
forest.  It  is  easily  detected  mainly  due  to  the  shape  of  the 
sandcover  of  the  pipelines,  whereas  the  coherence 
information  in  Fig.  la  (A,B/2,3)  does  not  allow  a 
differentiation.  This  is  due  to  the  high  coherence  of  both 
the  pipeline  tracks  and  the  open  boreal  forest. 

The  ratio  images  do  not  help  at  all  to  differentiate  between 
pipelines  and  surrounding  cover  types.  The  stable  climatic 
conditions  during  winter  time  cause  hardly  any  intensity 
changes  on  the  four  dates.  Following  the  pipeline  track  in 
southern  direction,  it  is  easier  to  detect  them  in  the 
coherence  image  (Fig.  la;  C,D,E/2,3)  than  in  the  intensity 
image  (Fig.  lb).  This  may  be  due  to  a  different  surface 
cover  type. 

A  compressor  station  (Fig.  la  and  lb;  D/3)  and  the 
settlements  (C/3)  are  clearly  visible  in  the  intensitiy  image 
due  to  the  strong  corner-reflection  effects  at  buildings,  and 
do  in  general  have  a  high  coherence  with  high  spatial 
variability. 

Another  interesting  phenomenon  is  the  detectability  of 
small  tundra  lakes  (Figs,  la  and  b;  A/ 1,2,  C/2,  and  E/3)  in 
the  coherence  images.  The  lakes  are  not  visible  in  the 
intensity  images  due  to  the  frozen  surface  and  the  snow 
coverage.  The  size  and  the  location  of  these  lakes  have 
been  verified  with  the  help  of  the  summer  Landsat  image. 
Low  coherence  may  be  obvious  for  the  rivers.  Temporal 


intensity  changes  and  a  low  signal  to  noise  ratio  are  the 
main  reasons.  The  low  coherence  of  ice  and  snow  covered 
lakes  cannot  be  explained  as  easily.  The  coherence  image 
clearly  favours  the  detection  of  rivers  and  small  tundra 
lakes. 

The  next  subarea  (Fig.  2)  shows  the  pipeline  track  crossing 
dense  mixed  floodplain  forest  and  tundra  environment  with 
small  ponds.  The  track  of  the  pipeline  in  the  intensity 
image  (Fig,  2b;  A,B/2)  is  almost  invisible  due  to  intensities 
similar  to  those  of  the  dense  floodplain  forest.  This  is  not 
the  case  for  the  coherence  image;  here  the  effect  of  low 
coherence  of  the  forest  due  to  volume  scattering  and 
temporal  decon*elation  along  with  the  higher  coherence  of 
the  pipeline  areas  allows  the  detection  of  the  pipeline  track. 
In  the  environment  of  small  tundra  lakes  the  pipeline  track 
is  almost  invisible  in  the  coherence  image  (Fig.  2a,  D/2,3), 
whereas  the  intensity  image  shows  the  single  pipelines. 
This  may  be  due  to  the  snowcovered  frozen  tundra  which 
has  low  intensities  contrasting  increased  intensities  of  the 
pipeline  which  does  not  have  a  sandcover  in  this  area.  The 
small  tundra  lakes  (Figs.  2a,  2b,  and  2c;  D,E/1,2,3)  are 
clearly  visible  in  the  coherence  image  due  their  low 
coherence.  The  ratio  images  indicate  intensity  changes  for 
some  of  the  lakes. 

The  last  subarea  (Fig.  3)  shows  the  pipeline  track  crossing 
the  floodplain  of  the  river  Nadym.  The  coherence  image 
(Fig.  3a;  B,C/2,3)  indicates  it  more  clearly  than  the 
intensity  image  (Fig.  3b). 

Creeks  are  visble  in  the  coherence  image  (Fig.  3a)  and 
invisible  in  the  intensity  image  (Fig.  3b). 

The  coherence  image  (Fig.  3a;  D/1,2)  also  shows  a  road 
due  to  its  comparatively  low  coherence  which  my  be 
caused  by  car  traffic  (tracks  in  the  snow)  between  the 
passes  of  the  satellites.  It  cannot  be  detected  in  the  intensity 
image  [2]. 
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Fig.  la  1 ,  PC  of  Coherence  Images 


i  b  1 ,  PC  of  Intensity  Images 


Fig.  1  c  Ratio  of  Image  Intensities 
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Fig.  2b  1 .  PC  of  Intensity  Images 
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Abstract  -  An  L-band  SAR  image  from  the  Japanese  JERS-1 
satellite  has  been  analysed  for  the  effects  of  local  surface 
orientation  relative  to  the  viewing  angle.  A  high  resolution 
digital  terrain  model  is  used  to  determine  the  local  surface 
orientation  and  to  orthorectify  the  SAR  imagery.  It  is  shown 
that  the  major  variation  in  backscatter  due  to  local  incidence 
angle  is  accurately  corrected  for  over  a  wide  variety  of  slopes  by 
simply  accounting  for  the  expected  change  in  distributed 
scatterer  density.  Residual  orientation  effects  are  found  to  be 
dependent  on  the  ground  cover  class.  Backscatter  from  the 
indigenous  forest  was  more  isotropic  than  that  from  the 
farniand.  Accurate  registration  was  required  for  this  study  and 
a  method  of  identifying  control  points  in  the  rectified  imagery 
is  described. 

INTRODUCTION 

Synthetic  aperture  radar  (SAR)  has  been  available  from 
aircraft  instruments  for  over  forty  years  and  from  space  since 
the  Seasat  experiment  in  1978.  It  has  numerous  unique 
properties  including  its  ability  to  see  through  cloud  and  its 
sensitivity  to  physical  target  characteristics,  making  it  of  great 
interest  to  the  remote  sensing  community.  Despite  this  interest, 
much  of  the  interpretation  is  still  done  manually.  The  difficulty 
is  that  there  are  many  competing  physical,  electromagnetic,  and 
orientational  properties  all  affecting  the  radar  backscatter. 
Along  with  speckle  noise  and  geometric  distortions,  these  make 
it  difficult  to  routinely  automate  the  analysis  of  radar  imagery. 

Although  the  mechanisms  for  strong  angle  dependence  are 
generally  well  recognised,  adequate  characterisations  for 
particular  target  classes  are  often  not  available.  In  this  paper  we 
explore  the  topographical  effects  on  radar  backscatter  from  a 
natural  scene  containing  a  variety  of  cover  classes.  The  aim  is 
twofold.  Firstly,  we  wish  to  confirm  that  the  theoretical 
adjustment  of  radar  brightness  for  variation  in  local  incidence 
angle  does  produce  reasonable  results  over  a  useful  range  of 
such  angles.  Secondly,  we  wish  to  identify  any  secondary  slope 
and  aspect  effects  and  determine  if  these  are  dependent  on  the 
ground  cover  class. 

SAR  processors  form  images  from  the  returned  backscatter, 
using  Doppler  shift  to  identify  a  point’s  origin  in  the  along  track 
(flight)  dimension,  and  time  to  determine  it’s  across  track  or 
range  position.  The  range  dimension  is  often  resampled  to 
convert  to  ground  range.  However,  the  range  dimension  of  an 
image  pixel  is  basically  a  slant  range  increment.  Consequently, 
the  radar  brightness  of  a  pixel  is  highly  dependent  on  local 
incidence  angle.  Raney  [1]  illustrates  that,  due  to  the  increase 
in  distributed  scatterers  falling  into  a  unit  range  increment,  for 


a  local  incidence  angle  of  0,  the  slant  range  increment  is  scaled 
by  l/sin0,  when  projected  onto  the  local  geoid. 

Other  phenomena  such  as  Bragg  scattering,  specular 
reflectance  and  the  orientation  of  major  scatterers  in  the  target 
all  have  the  potential  to  cause  radar  energy  to  be  scattered  in  a 
non-uniform  manner.  Scene  orientation  effects  can  be 
characterised  using  electromagnetic  theory  and  models  of  the 
target  or  by  measurements  of  real  targets.  Two  areas  where 
there  has  been  particular  emphasis  on  modelling  have  been; 
backscatter  from  water  surfaces  under  varying  wave  conditions 
[2]  and  backscatter  from  forests  [3]. 

Direct  measurements  of  Seasat  data  were  used  by  Rauste  [4] 
to  analyse  topographic  effects  from  four  different  forestry 
classes.  Rauste  was  able  to  identify  significantly  (statistically) 
different  topographic  effects  in  his  four  classes  over  a  10  degree 
incidence  angle  variation.  It  is  this  approach  that  is  taken  here 
to  analyse  our  particular  ground  cover  classes. 

TEST  SITE  AND  DATA 

The  test  site  chosen  is  the  Taranaki  region,  dominated  by  the 
stratovolcano,  Mt  Taranaki/Egmont,  and  two  older  eroded 
volcanoes  to  the  NNW  -  Pouakai  and  Kaitake.  This  area  was 
chosen  for  two  reasons.  Firstly,  the  methodology  relies  on 
natural  topography  to  provide  a  range  of  slope  and  aspects  and 
a  volcanic  cone  to  provide  a  uniform  range  of  angles.  Secondly, 
the  vegetation  cover  is  reasonably  homogenous  around  the 
volcano  and  the  boundary  of  the  Egmont  National  Park  clearly 
delineates  natural  forest  (mainly  beech)  from  the  surrounding 
dairying  farmland. 

JERS-1  L-band  SAR  data  of  Taranaki  taken  3  February  1994 
was  provided  by  NASD  A/  MITI.  The  image  is  level  2.0  data, 
that  is,  not  geocoded  and  without  geocoding  information,  but 
including  range  information.  It  is  a  three  look  product  with 
nominal  ground  resolution  of  18m.  In  addition,  a  SPOT 
multispectral  image  of  Taranaki  taken  26  May  1988  was  used 
to  assist  in  ground  cover  class  identification. 

Digital  contours  at  20m  intervals,  as  used  in  1:50  000  scale 
maps,  were  used  to  generate  a  detailed  digital  elevation  model 
(DEM)  of  the  study  area  on  a  10m  grid. 

PROJECT  METHOD 

Before  any  angle  effects  can  be  analysed  the  SAR  data  must 
be  orthorectified  to  a  regular  map  projection.  Ground  control 
points  identified  in  the  SAR  image  and  on  1 :50  000  maps  were 
used  along  with  the  DEM  and  range  information  provided  with 
the  image,  to  define  the  warping  process.  An  in-house 
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orthorectification  technique  was  used  based  on  polynomial 
warping  and  explicit  modelling  of  foreshortening/layover 
effects.  The  SAR  image  was  orthorectified  onto  a  10m  grid  in 
the  NZ  map  projection  as  illustrated  in  Fig.l. 

It  was  found  extremely  difficult  to  identify  points  in  the 
unrectified  data  in  steep  terrain.  An  alternative  approach 
employed  identified  these  points  in  an  initial  rectified  image  and 
then  calculated  the  raw  line/pixel  values  using  the  current 
warping  models.  The  refined  set  of  control  points  was  then 
used  to  regenerate  the  models  and  re-rectify  the  data. 

A  variety  of  angles  relating  to  the  local  surface  were 
generated  as  images  from  the  DEM.  These  included:  surface 
slope,  slope  azimuth  (from  north),  view  direction  to  surface 
normal,  azimuth  of  surface  normal  projection  as  viewed  from 
the  sensor,  and  view  direction  to  component  of  surface  normal 
in  the  direction  of  the  sensor.  This  last  angle  is  often  referred 
to  as  local  incidence  angle, 

IDENTIFICATION  OF  GROUND  COVER  CLASSES 

The  JERS-1  SAR  image  was  separated  into  three  major  ground 
cover  classes  for  analysis  as  shown  in  Fig.l.  This  was  done 
with  the  aid  of  SPOT  data  and  the  known  altitude  dependence 
of  vegetation  cover  based  on  surveys  by  Clarkson  [4].  The 
zones  identified  were; 

Zone  1  (farmland)  predominantly  containing  introduced 
grasses.  The  park  boundary,  which  describes  a  near-perfect 
circle  around  the  mountains,  is  at  between  350  and  500m 
altitude  above  sea  level. 

Zone  2  (forest),  the  vegetation  within  the  park  and  up  to 
1 100m,  is  indigenous  forest  proper.  Tree  heights  are  up  to  25m 


Figure  1  Orthorectified  JERS-1  SAR 


at  the  base  of  this  zone,  seldom  exceed  15m  above  the  760m 
line,  and  become  even  shorter  as  the  altitude  increases. 

Zone  3  (bare),  from  1 100- 1300m,  vegetation  is  a  more  or  less 
continuous  cover  of  shrubs  no  more  than  2.5  m  high.  With 
increasing  altitude,  shrubs  are  replaced  by  tussocks,  herbfield, 
mossfield,  and  finally  bare  ground  above  1650m.  A  snow  and 
icefield  are  almost  permanent  features  of  the  summit. 

RESULTS 

In  collecting  class  dependent  information  on,  for  instance, 
radar  brightness  vs.  incidence  angle,  the  pair  of  images  are 
sampled  within  the  appropriate  mask  area  on  a  regular  grid  in 
order  to  achieve  at  least  10,000  sample  pairs.  These  can  then  be 
plotted  (not  shown)  or  used  in  a  standard  regression  analysis  to 
determine  any  dependence  between  the  variables  and  the 
significance  of  this  dependence. 

As  expected,  the  analysis  of  this  information  shows  a 
characteristic  increase  in  brightness  as  the  local  surface 
becomes  more  perpendicular  to  the  radar  beam.  The  noise 
appears  to  be  greater  at  lower  incidence  angles.  Several  factors 
may  be  contributing  to  this: 

•  speckle  noise  is  multiplicative  and  therefore  larger  in  the 
brighter  areas; 

•  the  small  angles  tend  to  come  from  steep  and  rough  areas  on 
the  ground  where  the  DEM  is  likely  to  be  less  accurate, 

•  errors  in  registration  are  most  apparent  at  sharp  terrain 
boundaries  which,  as  noted  above,  are  often  where  low 
incidence  angles  are  achieved; 

•  vegetation  cover  may  be  less  homogeneous  in  areas  of  rapid 
terrain  variation. 


Figure  2  Corrected  for  scatterer  density 
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The  first  step  in  normalising  for  terrain  is  to  scale  the 
backscattered  power  by  sin 6,  where  Q  is  the  local  incidence 
angle,  or  the  component  of  the  angle  between  the  surface 
normal  and  viewing  direction  projected  onto  the  vertical  plane 
passing  through  both  the  sensor  and  the  target.  This  scaling 
accounts  for  the  additional  area  of  distributed  scatterers 
contributing  within  a  pixel's  range  increment  [1].  In  the  present 
study  where  amplitudes  are  being  used  \/sin0,  is  the  appropriate 
scaling  factor.  Fig.2  illustrates  the  effect  of  this  correction 
where  it  can  be  seen  that  the  image  appears  much  flatter  and  the 
differences  in  cover  class  are  enhanced.  The  success  of  the 
correction  can  be  seen  most  clearly  on  the  two  lower  volcanoes 
to  the  NNW,  Pouakai  and,  in  particular,  the  more  northerly 
Kaitake.  A  close  inspection  indicates  that  the  correction  is 
performing  better  than  may  appear  in  Fig.2,  even  over  quite 
steep  terrain  found  in  the  "bare"  region. 

Once  corrected  as  described  above,  any  remaining  angle 
dependency  of  the  backscatter  is  expected  to  be  a  function  of 
the  radar  frequency  and  the  particular  target.  The  corrected 
backscatter  was  compared  to  the  angle  between  the  viewing 
direction  and  the  local  surface  normal.  Straight  lines  were  fitted 
to  the  data  (about  60,000  samples/class)  using  the  parameters 
listed  in  table  1 .  It  is  clear  from  these  parameters  that  the  grass 
cover  class  is  significantly  different  in  its  mean  backscatter  for 
a  nominally  flat  surface  (35°  incidence).  This  is  borne  out  by 
the  general  appearance  of  the  imagery  where  the  farmland 
appears  darker  than  the  area  within  the  National  Park  boundary. 


y  =  a  +  b*x 

a 

b 

a 

mean  @  35° 

Bare 

947 

-4.5 

405 

791 

Trees 

764 

-0.3 

238 

755 

Grass 

914 

-6.6 

266 

683 

Table  1 .  Parameters  of  lines  fitted  to  corrected  data. 

DISCUSSION 

Apart  from  the  means  for  a  level  surface  (35°  incidence),  it 
can  also  be  seen  in  table  1  that  the  three  cover  classes  have 
significantly  different  dependence  on  viewing  geometry. 
Farmland  has  a  negative  slope  indicating  it  has  a  tendency 
reflect  in  a  specular  sense.  Supporting  this  is  the  fact  that  most 
of  the  farmland  around  Mt  Taranaki/Egmont  is  pasture  and 
would  be  relatively  smooth  compared  to  the  23cm  JERS-1 
wavelength. 

Likewise  the  bare  class  has  a  negative  slope  although  of  a 
smaller  magnitude.  This  result  appears  less  reliable,  as  seen  by 
the  standard  deviation  in  table  1 ,  and  is  probably  a  result  of  the 
factors  mentioned  in  the  previous  section.  None  the  less,  there 
are  many  large  scree  slopes  and  moss  covered  areas  at  the  lower 


altitudes  of  this  class  that  may  appear  smooth  compared  to  the 
radar  wavelength. 

After  correction,  the  trees  class  has  an  flatter  response  to 
viewing  angle  indicating  that  it  is  scattering  energy  evenly  in  all 
directions.  Unlike  plantation  forestry,  this  native  forest  will  be 
much  more  irregular  in  the  distribution  of  trees  and  the  angle  of 
their  trunks.  It  would  seem  from  this  result  that  the  canopy  is 
reasonably  dense  and  that  there  is  no  specular  component  in  the 
backscatter  at  all. 

CONCLUSION 

A  JERS-1  SAR  image  has  been  analysed  using  a  high 
resolution  (10m)  DEM  in  order  to  detect  viewing  angle 
dependencies.  It  was  found  that  the  theoretical  correction  for 
local  incidence  angle  worked  well  over  a  wide  range  of  angles. 
The  residual  dependence  appears  to  be  sensitive  to  the  ground 
cover  class.  In  this  study  both  farmland  and  bare  ground/low 
level  vegetation  show  a  fall  off  in  backscattered  radiation  as  the 
target  facet  points  away  from  the  sensor.  On  the  other  hand  the 
native  forest  class  had  a  flatter  response  and  even  showed  a 
tendency  to  scatter  more  strongly  at  shallower  angles  to  the 
target  facet. 
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Abstract —  This  study  presents  an  original  method  to  de¬ 
tect  edges  in  Synthetic  Aperture  Radar  images  corrupted 
by  speckle.  We  show  that  the  Continuous  Wavelet  Trans¬ 
form  (CWT)  allows  to  accurately  detect  edges  embedded  in 
speckle.  Edges  give  rise  to  a  conic  signature  in  the  CWT. 
Furthermore,  the  Signal  to  Noise  Ratio  (SNR)  increases 
with  the  scale  of  the  CWT.  The  optimal  wavelet  maximiz¬ 
ing  the  SNR  is  derived  and  two  wavelet  based  detectors  are 
proposed.  Both  are  2D  detectors  and  so  take  advantage  of 
information  redundancy  in  the  scale-space  plane. 


1.  INTRODUCTION 

This  paper  addresses  the  problem  of  edge  detection  in 
Synthetic  Aperture  Radar  images  corrupted  by  speckle. 
As  shown  in  a  previous  study  [1],  the  SPECAN  concept, 
combined  with  parametric  spectral  estimation,  offers  spa¬ 
tial  resolution  improvement  and  speckle  noise  reduction. 
We  show  that  a  post-processing  stage,  based  on  the  Con¬ 
tinuous  Wavelet  Transform  (CWT),  allows  an  accurate  de¬ 
tection  of  edges  embedded  in  speckle.  The  case  of  a  step  in 
the  image  is  studied.  In  this  case,  there  exists  an  optimal 
wavelet  maximizing  the  signal  to  noise  ratio.  Two  wavelet 
based  detectors  are  proposed,  both  providing  jump  date 
and  amplitude  estimators. 

II.  MODEL  OF  SPECKLED  IMAGES 

Speckle  is  produced  by  imaging  systems  using  coherent 
radiation  such  as  laser  and  radar  systems.  We  denote  by  /i 
the  average  intensity  of  the  image  in  a  uniform  region  con¬ 
taining  no  object  (for  instance  a  quiet  sea  or  a  cultivated 
field).  The  image  intensity  I{x,y)  after  the  conventional 
SAR  processor  (e.g.  chirp  matched  filter  followed  by  mod¬ 
ulus  operator)  is  a  random  stationary  variable  with  mean 
fi  and  variance  fj?  : 

I{x,y)  =  fj,.s(x,y)  (1) 

where  s{x,y)  denotes  the  speckle.  The  speckle  is  modeled 
as  a  stationary  multiplicative  noise  with  unit  mean  and 
variance.  It  is  assumed  to  have  a  Rayleigh  distribution. 

An  ideal  edge  process  e{x,y)  is  modeled  by  a  step  of 
amplitude  A  located  at  position  xq: 

e  (x,  y)  =  1  for  a:  <  xq  (2) 

=  1  -f  A  for  a:  >  a:o 
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A  step  in  the  image  represents  for  instance  two  fields  of  dif¬ 
ferent  reflections  and,  in  general,  piecewise  constant  back¬ 
grounds.  The  resulting  process  is: 

Cix,y)  =  I{x,y).e{x,y)  (3) 

For  the  sake  of  simplicity,  we  consider  an  azimut  processing 
of  the  image.  The  image  is  then  studied  line  by  line  (for 
fixed  y).  The  azimut  line  is  denoted  by: 

C  (x)  =  I{x).e{x)  =  fi.s{x),  (1  -h  A.U  {x  -  xq))  (4) 

where  U{x)  is  the  unit  step.  C  (^)  is  a  random  process 
with  piecewise  constant  mean  value  and  variance.  Figure 
1  represents  a  realisation  of  a  step  of  amplitude  A  =  1  on 
an  azimut  line  of  average  intensity  =  1  : 


Figure  1:  512  samples  of  C(a:)  with  A  =  1,  /x  =  1  and 
xo  =  250 

III.  DETECTION  USING  CONTINUOUS 
WAVELET  TRANSFORM 

A .  Edge  signature  in  the  scale-space  plane 

The  detection  consists  in  determining  the  jump  location 
Xq.  Our  strategy  uses  the  Continuous  Wavelet  Transform. 
For  a  ID  signal  /  (x) ,  it  is  defined  as: 

where  'il){x)  is  an  ^  normalized  wavelet.  It  must  ver¬ 
ify  several  well-knoWn  so-called  admissibility  conditions 
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among  which  the  following: 


Owing  to  the  transform  linearity,  C^(a,  b)  can  be  expressed 
as: 


Q(a,  6)  =  [  fji,s{x).e{x)'i/j*  (- — dx  (7) 

V «  7m  V  ^  / 

=  fi,  {Cs  (a,  b)  H-  Ce'  (a,  b))  (8) 

with: 

e'(x)  =  s{x).A,U  (x  —  xo)  (9) 

Let  us  define  the  “signature”  of  the  multiplicative  jump 
by  E  6)].  According  to  (6): 


Figure  3:  Conic  signature  contours 


E[Cs{a,b)]^0  (10) 

Finally,  the  signature  is  expressed  as: 

E  [Cda,  b)]  =  fxE  [C^a,  b)]  =  (11) 

with  I^p{x)  ~  Considering  a  wavelet  of 

bounded  support  edge  results  in  a  conic 

signature  in  the  scale-space  plane.  This  conic  signature 
stems  from  the  mean  value  jump  of  the  signal.  The  vari¬ 
ance  jump  gives  rise  to  a  variance  jump  in  the  scale-space 
plane  at  the  same  location  [3]. 

As  an  example,  figure  2  represents  the  CWT  modulus 
of  the  signal  defined  above.  It  is  computed  with  the  Haar 
wavelet  of  support  20  for  scales  equal  to  [1,  6,  11] .  The 
cone  points  to  the  edge  location  xq  =  250  and  its  maxi¬ 
mum  amplitude  at  fixed  scale  a,  obtained  for  b  —  xq,  is 
proportional  to  the  jump  amplitude  A. 


Figure  2:  Conic  jump  signature  modulus 

The  signature  depends  on  the  local  regularity  of  the 
signal.  Indeed,  according  to  Mallat  [4],  the  evolution  of 
wavelet  transform  across  scales  depends  on  the  Lipschitz 
exponent  of  the  signal.  The  study  of  maximum  ampli¬ 
tude  variation  across  scales  allows  to  distinguish  different 
kinds  of  jumps.  Fig.  3  shows  a  contour  plot  of  the  jump 
signature. 


B.  Signal  to  Noise  Ratio 

According  to  the  speckle  model,  the  signal  to  noise  ratio 
is  constant  everywhere  on  the  radar  image  [2]  and  is  equal 
to  unity  when  no  noise  reduction  has  been  performed.  An 
important  advantage  of  working  in  the  scale-space  plane 
is  that  the  SNR  increases  with  the  scale  of  the  CWT.  We 
consider  the  CWT  in  the  region  of  the  scale-space  plane 
defined  by  the  conic  edge  signature.  When  the  scale  a 
tends  to  infinity,  the  variance  of  the  CWT  is  asymptoti¬ 
cally  constant,  whereas  the  signature  amplitude  increases 
continuously  with  a.  This  can  be  summarized  by  express¬ 
ing  the  signal  to  noise  ratio: 


^  \E[Cda,b)]  yo)  p 

’  ’  Var[Ccia,b)]  ^  A^  +  1  Ss'iO) 


(12) 


when  a  — >  -f-oo 

with  5'  =  s  —  TUs. 

The  SNR  is  proportionnal  to  the  scale.  However,  this 
property,  valid  not  only  for  a  step,  depends  on  the  evolu¬ 
tion  across  scale  of  the  maximum  value  and  so  on  the  local 
regularity  of  the  edge.  Equation  (12) ,  with  some  weak  hy¬ 
potheses  regarding  the  d.d.p.  of  e'(x),  allows  to  compute 
the  detection  and  false-alarm  probabilities. 


C.  Optimal  wavelet 

An  optimal  wavelet,  maximizing  the  SNR,  can  be  de¬ 
rived  in  the  case  of  an  ideal  edge  process  [5].  We  con¬ 
sider  the  SNR  for  large  scale  a:  the  optimal  wavelet  max¬ 
imizes  11-0(0)1^.  For  a  real  wavelet  of  bounded  support 

r  Ax  I  Ax1  . 

L  2  2  J  * 


The  Cauchy- Schwartz  inequality  leads  to: 


|/^(0)l" 


< 


< 


Ax 


'ijp  (u)  du. 


(13) 


(14) 

(15) 
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The  Caiichy-Schwartz  inequality  becomes  an  equality 
when  'ilP'  is  a  constant  over  the  interval  [-^,0]  and  so 
when  -0  is  a  binary  wavelet.  Consequently,  the  symmetrical 
Haar  wavelet  belongs  to  the  class  of  optimal  solutions  for 
a  bounded  support  wavelet  and  an  abrupt  multiplicative 
jump. 

D.  Wavelet  based  algorithms 

The  matched  filter  is  the  optimal  detector  in  the  sense 
that  it  maximizes  the  SNR.  Unfortunately,  the  noise  is 
not  white  in  the  scale-space  plane.  This  complicates  the 
computation  of  the  filter  and  leads  us  to  study  the  perfor¬ 
mance  of  two  wavelet  based  sub-optimal  detectors.  The 
wavelet  based  algorithms  developed  for  the  case  of  an  ad¬ 
ditive  noise  [3]  can  be  used  for  multiplicative  noise  models, 
if  the  signal  is  not  zero  mean  on  either  side  of  the  edge. 
This  condition  is  always  satisfied  in  radar  images  since  a 
zero  reflection  value  cannot  be  encountered. 

The  first  approach  consists  in  computing  the  CWT  cor¬ 
relation  with  2-D  signature  (see  fig.  4): 


T,{b)=[[  Ccia,b)Cs{a,b- 
J  Jr^ 


c)dadc  (16) 


This  approach  implies  that  the  edge  shape  is  known.  It 
is  equivalent  to  the  2D  matched  filter  when  the  noise  is 
white  in  the  scale-space  plane. 


Figure  5:  Maximum  at  xq  =  250 

For  these  two  detectors,  the  edge  location  and  amplitude 
estimation  in  the  scale-space  plane  amounts  to  a  maximum 
search.  An  edge  location  estimator  $o  can  be  derived  as 
follows; 

Vi{^)=MaxTi{b)  i  =  l,2  (18) 

b 

The  maximum  value  is  proportionnal  to  the  edge  ampli¬ 
tude.  This  provides  a  jump  amplitude  estimator. 

Both  are  2D  detectors  and  thus  take  advantage  of  in¬ 
formation  redundancy  in  the  scale-space  plane.  The  qual¬ 
itative  behavior  of  the  two  detectors  is  very  similar:  they 
show  good  performance. 

The  problem  of  edge  detection  can  also  be  solved  with 
zero-crossing  algorithms  [4].  The  zeros  of  the  second- 
derivative  of  a  smoothed  version  of  the  signal  correspond 
either  to  minima  (slow  change  in  the  signal)  or  maxima  of 
the  first-derivative  (abrupt  change).  These  algorithms  are 
capable  neither  of  estimating  the  jump  amplitude  nor  of 
dinstinguishing  between  an  abrupt  and  a  slow  change. 

IV.  CONCLUSION 

This  paper  proposes  two  wavelet-based  methods  to  de¬ 
tect  abrupt  edges  immersed  in  speckle.  The  jump  prop¬ 
erties  (amplitude  and  location)  can  be  determined  from 
the  jump  signature  in  the  scale-space  plane.  The  case  of 
an  abrupt  edge  is  detailed,  but  the  detectors  can  also  be 
applied  to  other  edge  shapes.  The  signature,  as  well  as  the 
optimal  wavelet,  will  then  be  different. 


Figure  4:  Maximum  at  xq  =  251 

The  second  detector  uses  the  modulus  of  a  sum  along  n 
fixed  scale  slices  of  the  CWT  (see  fig.5): 


r2  (6)  = 


i=l 


(17) 


Considering  the  sum  of  n  fixed  scale  slices  amounts  to 
taking  the  average,  and  so  reduces  the  noise  of  the  CWT. 
Moreover,  it  takes  into  account  the  information  available 
at  each  computed  scale. 
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Abstract  -  This  paper  approaches  the  problem  of  can¬ 
celing  the  disturbs  due  to  RF  interferences  in  P-band, 
airborne  SAR  missions.  Two  techniques  are  introduced: 
one  exploits  MUSIC  to  estimate  the  interferences’  fre¬ 
quencies,  and  then  performs  notch  filtering  at  that  fre¬ 
quencies;  whereas  the  other  adaptively  estimate  the  in¬ 
terference  contributions  and  cancel  them  by  means  of  in- 
phase  subtraction.  Both  techniques  have  been  successfully 
tested  on  the  data  acquired  by  the  DLR  E-SAR  sensor 
[1]  over  urban  areas. 

INTRODUCTION 

Airplane  SAR  sensors  that  operate  in  the  P-Band  (^450 
MHz)  can  be  affected  by  interferences  due  to  earth  trans¬ 
mitters,  like  RF  beacons,  telephone  carriers  and  so  on. 
As  a  consequence,  artifacts  appears  in  the  focused  im¬ 
age  (filtered  by  the  SAR  compression  reference),  moreover 
that  disturbs  can  prevent  the  proper  extraction  of  motion 
and  Doppler  parameters  by  raw  data,  necessary  for  a  fine 
focusing  [2,3].  The  degradation  of  the  image  quality  is 
marked.  For  example,  these  interferences  were  observed 
in  the  data  acquired  by  the  DLR  airplane  when  flying  in 
the  area  close  to  Munich  (Germany).  The  azimuth  power 
spectrum  shows  several  peaks,  caused  by  the  interferences, 
in  the  plot  of  Fig.  1. 


Azimuth  frequency  (Hz) 

Figure  1:  Azimuth  spectrum  of  Airplane  P  band  SAR 
data. 

These  carriers  are  caused  by  interfering  sources  that  can 
be  located  anywhere  in  the  very  wide  beam  of  the  SAR 
antenna,  30^  x  60^  (azimuth,  elevation).  As  an  example, 
the  focused  energy  of  a  25  m^  scatterer  with  reflectivity  co¬ 
efficient  (Jo  —20  dB,  located  in  the  closest  range  (ro  =  4 
km),  is  the  same  of  a  10  W  interfering  transmitter  located 
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at  the  farthest  range  in  the  3  dB  antenna  beam  (ro  —  50 
km).  The  effect  of  such  interferences  is  quite  visible  in  the 
range  compressed  data  image  of  Fig. 2  and  in  the  focused 
image  of  Fig. 3. 


Figure  2:  P-hand  range  compressed  E-SAR  data  ac¬ 
quired  in  the  area  of  Munich.  Note  the  artifacts  due  to 
RF  interferences. 

INCOHERENT  INTERFERENCES  ESTIMATE  AND 
CANCELLING 

The  first  technique  implemented  to  cancel  the  interfer¬ 
ences  is  by  means  of  power  spectrum  estimate  and  notch 
filtering.  The  P  band  raw  data  can  be  modeled  as  a  white 
signal  (e.g.  coming  from  backscattering)  -f-  sinusoidal  in¬ 
terferences,  as  the  short  time  periodograms  sequence  of 
Fig. 4  shows. 

A  monodimensional  MUSIC  estimates  was  assumed, 
since  it  provides  a  robust,  fast  and  very  accurate  power 
spectrum  density  estimate  for  the  assumed  model,  the 
variance  of  the  frequency  estimate  being  close  to  the 
Cramer  Rao  bound  [4].  The  estimate  and  removal  of  in¬ 
terferences  was  performed  after  3:1  azimuth  presumming, 
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in  order  to  cancel  the  contribution  of  interfering  sources 
out  of  the  data  bandwidth  (see  Fig.l).  Increase  in  effi¬ 
ciency  and  accuracy  were  gained  by  operating  on  range- 
compressed  data:  a  M  =  32^^  order  covariance  matrix 
was  computed  by  exploring  the  darker  areas  (e.g.  the 
data  portion  with  the  minimum  backscattering,  usually 
close  to  the  far  range),  to  enhance  the  contribution  of  the 
interferences. 


Figure  3:  The  same  dataset  of  Fig. 2  after  focusing. 

A  few  adjacent  range  lines  were  averaged  to  increase 
statistic  accuracy.  The  interferences  could  be  easily  iden¬ 
tified  by  the  corresponding  eigenvalues:  Aj  >  cr^  =  Am, 
(being  Am  being  the  minimum  eigenvalue,  and  the  es¬ 
timated  variance  of  scene  reflectivity),  we  currently  as¬ 
sumed  a  threshold  A^  >  3  •  Am  to  detect  interfering  peaks. 
Usually  3-“6  interfering  sources  were  found  within  the  az¬ 
imuth  presummed  data  spectrum.  Each  of  the  interfer¬ 
ences  was  then  canceled  by  means  of  the  zero-phase  non 
causal  notch  filter: 


H{z) 


1-  ZqZ  ^  1-  ZqZ  ^ 

1-ZpZ^^  l-z^z-'^ 


(1) 


The  zeros  of  the  filter,  zq  -  exp(i^^),  were  located 
in  correspondence  of  the  estimated  interfering  frequency, 
whereas  the  poles,  Zp  =  pp  exp(ja})  were  fixed  in  order  to 
give  a  canceled  bandwidth:  BzdB  —  3(pp  ~  1)  some  times 
larger  that  the  standard  deviation  of  the  estimated  fre¬ 
quency,  cr^,  derived  in  [4].  In  the  explored  datasets,  the 
accuracy  achieved  in  the  estimate  of  interfering  frequen¬ 
cies  (and  the  frequency  stability  of  the  carriers)  allowed 
the  use  of  a  notch  filter  (1)  with  a  bandwidth  B^dB  always 
smaller  than  1/100  of  sampling  rate.  As  an  example,  Fig. 5 


shows  the  same  range  compressed  data  of  Fig. 2,  after  can¬ 
celing  interferences;  the  focused  image,  shown  in  Fig. 6,  is 
to  be  compared  with  Fig. 3. 


Figure  4:  Time-varying  power  spectrum  estimates  of 
raw  data.  The  peaks  due  to  interferences  appear  at  almost 
constant  frequencies. 

The  complete  removal  of  interferences  has  been  checked 
by  an  accurate  periodogram  analysis. 


Figure  5:  The  same  data-set  of  Fig. 2  after  removing 
interferences. 

COHERENT  ESTIMATION  AND  CANCELLATION 

An  alternative  approach  to  the  incoherent  interference 
canceling  consists  in  a  coherent  estimation  and  in-phase 
subtraction  of  the  disturbing  sources.  We  can  assume  that 
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M  interferences,  due  to  beacons  or  mobile  telephone  sys¬ 
tems  as  carrier,  eventually  amplitude  modulated  with  a 
very  small  bandwidth  (<C  fs  ~  60  MHz,  see  Fig.4): 

M 

»(<)  =  E  ak{t)exp{uikt  +  ipk)  (2) 

*;  =  ! 

superimposed  to  the  SAR  signal. 


Figure  6:  The  data-set  of  Fig, 5  after  focusing.  The  fre¬ 
quencies  LJk  can  be  coarsely  estimated  as  shown  before, 
e.g.  by  MUSIC  algorithm.  Next,  a  sort  of  PLL  is  imple¬ 
mented  by  bandpass  filtering  (around  ujk):  fine  estimates 
of  ojkj  <pk  can  be  retrieved  by  fitting  a  linear  phase  (that 
corresponds  to  the  MLE  estimator  [5]),  and  the  amplitude 
is  estimated  by  coherent  amplitude  demodulation.  The 
estimated  signal,  n{t)  (see  (2)),  is  then  subtracted,  and 
the  interferences  removed.  This  was  usually  carried  on 
presummed  data  for  efficiency.  However  if  performed  on 
the  raw  data  (sampled  every  15  cm),  the  estimate  of  the 
phases  at  the  beginning  of  each  range  line,  (where 

X  is  azimuth),  allows  for  a  precise  tracking  of  the  airplane 
motion: 

‘Pk{t)  =  y  (K^)  -  ro)  (3) 

being  r(x)  the  distance  between  airplane  and  the  trans¬ 
mitter.  This  allows  to  locate  the  position  of  the  transmit¬ 
ter:  its  range  is  found  by  the  measuring  the  curvature  of 
V?fc(t),  and  its  azimuth  is  found  by  exploring  the  averaged 
interference  amplitude.  As  an  example,  Fig. 7  shows  the 
amplitude  and  part  of  the  unwrapped  Doppler  phase  his¬ 
tory  of  an  interference  due  to  a  transmitter  that  should  be 
located  43  km  far  from  the  airplane,  i.e,  at  the  edges 
of  the  antenna  beam. 
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CONCLUSIONS 

Two  techniques,  both  capable  of  removing  RF  interfer¬ 
ences  on  P-Band  airplane  SAR  data  has  been  presented. 
The  incoherent  approach,  that  exploits  MUSIC  for  esti¬ 
mating  fringes  frequency  and  second  order  pole-zero  notch 
filtering,  has  been  proven  simple,  fast,  and  robust:  its  can¬ 
celed  bandwidth  is  modest.  On  the  other  hand,  the  coher¬ 
ent  in-phase  canceling  gives  superior  performances  since 
-  theoretically  -  it  does  alter  the  “good”  signal,  however 
its  computational  cost  is  higher  (actually  more  than  dou¬ 
bled).  Yet,  it  can  provide  useful  information  e.g.  to  track 
the  airplane  motion. 


Figure  7 '.Doppler  phase  and  amplitude  of  one  of  the  in¬ 
terfering  sources. 
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ABSTRACT 

Hybrid  classification  methods  based  on  consensus  from 
several  data  sources  are  considered.  Each  data  source  is 
at  first  treated  separately  and  classified  using  statistical 
methods.  Then  weighting  mechanisms  are  needed  to  con¬ 
trol  the  influence  of  each  data  source  in  the  combined  clas¬ 
sification.  The  weights  are  optimized  in  order  to  improve 
the  combined  classification  accuracies.  Both  linear  and 
non-linear  methods  are  considered  for  the  optimization.  A 
non-linear  method  which  utilizes  a  neural  network  is  ap¬ 
plied  and  gives  excellent  experimental  results.  The  hybrid 
statistical/neural  method  outperforms  all  other  methods 
in  terms  of  test  accuracies  in  the  experiments. 

1.  INTRODUCTION 

In  multisource  classification  different  types  of  information 
from  several  data  sources  are  used  for  classification  in  or¬ 
der  to  improve  the  classification  accuracy  as  compared 
to  the  accuracy  achieved  by  single-source  classification. 
Conventional  statistical  pattern  recognition  methods  are 
not  appropriate  in  classification  of  multisource  data  since 
such  data  cannot,  in  most  cases,  be  modeled  by  a  conve¬ 
nient  multivariate  statistical  model.  However,  statistical 
methods  based  on  consensus  theory  have  shown  potential 
in  classification  of  multisource  data  [1]. 

In  this  paper,  hybrid  statistical/neural  consensus  theo¬ 
retic  classification  is  discussed  and  applied  in  classification 
of  multisource  data.  First,  consensus  rules  are  introduced 
in  Section  2.  Weight  selection  schemes  for  consensus  rules 
are  then  discussed  in  Section  3.  Finally,  experimental  re¬ 
sults  are  given  in  Section  4. 
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2.  CONSENSUS  RULES 

Several  consensus  rules  [1],[2]  have  been  proposed.  Prob¬ 
ably  the  most  commonly  used  consensus  rule  is  the  linear 
opinion  pool  (LOP)  which  has  the  following  (group  prob¬ 
ability)  form  for  the  information  class  ujj  if  n  data  sources 
are  used: 

n 

Cj{Z)  =  (1) 

2=1 

where  p{ooj\zi)  is  a  source-specific  posterior  probability 
and  Ai’s  {i  =  1, . . .  ,n)  are  source-specific  weights  which 
control  the  relative  influence  of  the  data  sources.  The 
weights  are  associated  with  the  sources  in  the  global  mem¬ 
bership  function  to  express  quantitatively  the  goodness  of 
each  source  [2]. 

Another  consensus  rule  is  the  logarithmic  opinion  pool 
(LOOP)  which  can  be  described  by 

n 

log{Lj{Z))  =  y]Ailog(p(a;j|2:i)).  (2) 

i=l 

3.  WEIGHT  SELECTION  SCHEMES 

It  is  needed  to  define  a  function 

Y  =  f{X,K)  (3) 

where  X  contains  source-specific  posteriori  discrimina¬ 
tive  information  and  A  corresponds  to  the  source-specific 
weights  in  (1)  or  (2). 

In  the  case  when  /  is  non-linear  a  neural  network  can 
be  used  to  obtain  a  mean  square  estimate  of  the  function. 
Here,  the  consensus  theoretic  classifiers  with  equal  weights 
can  be  considered  to  preprocess  the  data  for  the  neural 
networks.  Then,  the  neural  network  learns  the  mapping 
from  the  source-specific  posteriori  probabilities  to  the  in¬ 
formation  classes.  Therefore,  the  neural  network  is  used 
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to  optimize  the  classification  capability  of  the  consensus 
theoretic  classifiers.  If  y  =  D  is  the  desired  output  for  the 
whole  classification  problem,  the  process  can  be  described 
by  the  equation 

AnZopi  =  argmin||D-/(X,A)||^.  (4) 

The  update  equation  for  the  weights  of  the  neural  network 
is 

AA  =  7?p-/(X,A)|iVA/  (5) 

where  r/  is  a  learning  rate. 

If,  on  the  other  hand,  /  is  linear,  the  combined  output 
response,  T,  can  be  written  in  matrix  form  as 

Y  =  XA  (6) 

and  the  optimal  linear  weights  can  be  determined  by  using 
the  pseudo  inverse  of  X. 

4.  EXPERIMENTAL  RESULTS 

Classification  was  performed  on  a  data  set  consisting  of 
the  following  4  data  sources: 

1.  Landsat  MSS  data  (4  spectral  data  channels). 

2.  Elevation  data  (in  10  m  contour  intervals,  1  data 
channel). 

3.  Slope  data  (0-90  degrees  in  1  degree  increments,  1 
data  channel). 

4.  Aspect  data  (1-180  degrees  in  1  degree  increments, 
1  data  channel). 

Each  channel  comprised  an  image  of  135  rows  and  131 
columns,  and  all  channels  were  spatially  co-registered. 
The  area  used  for  classification  is  a  mountainous  area  in 
Colorado.  It  has  10  ground-cover  classes  which  are  listed 
in  Table  1.  One  class  is  water;  the  others  are  forest  types. 
It  is  very  diflScult  to  distinguish  among  the  forest  types 
using  the  Landsat  MSS  data  alone  since  the  forest  classes 
show  very  similar  spectral  response  [1].  Reference  data 
were  compiled  for  the  area  by  comparing  a  cartographic 
map  to  a  color  composite  of  the  Landsat  data  and  also 
to  a  line  printer  output  of  each  Landsat  channel.  By  this 
method  2019  reference  points  (11.4%  of  the  area)  were  se¬ 
lected  comprising  two  or  more  homogeneous  fields  in  the 
imagery  for  each  class.  Approximately  50%  of  the  ref¬ 
erence  samples  were  used  for  training,  and  the  rest  were 
used  to  test  the  algorithms. 

Three  statistical  methods  were  used  to  classify  the  data 
[3]:  the  minimum  Euclidean  Distance  (MED)  classifier, 
the  linear  opinion  pool  (LOP),  and  the  logarithmic  opin¬ 
ion  pool  (LOOP).  For  the  LOP  and  LOOP,  ten  data 
classes  (corresponding  to  the  information  classes  in  Table 


Table  1:  Training  and  Test  Samples  for  Information 
Classes  in  the  Experiment  on  the  Colorado  Data  Set. 


Class  # 

Information  Class 

Training 

Size 

Test 

Size 

1 

Water 

301 

302 

2 

Colorado  Blue  Spruce 

56 

56 

3 

Mountanc/Subalpinc  Meadow 

43 

44 

4 

Aspen 

70 

70 

5 

Ponderosa  Pine  1 

157 

157 

6 

Ponderosa  Pine/Douglas  Fir 

122 

122 

7 

Engelmann  Spruce 

147 

147 

8 

Douglas  Fir/White  Fir 

38 

38 

9 

Douglas  Fir/Ponderosa  Pine/Aspen 

25 

25 

10 

Douglas  Fir/White  Fir/Aspen 

49 

50 

Total 

1008 

1011 

1)  were  defined  in  each  data  source.  The  multispectral 
remote  sensing  data  sources  were  modeled  to  be  Gaussian 
but  the  topographic  data  sources  were  modeled  by  Parzen 
density  estimation  [4]  with  Gaussian  kernels. 

Several  different  versions  of  the  LOP  and  LOGP  were 
tried.  These  included:  1)  versions  with  equal  weights, 

2)  weights  based  on  reliability  factors  [1],  3)  optimal  lin¬ 
ear  weights,  and  4)  non-linear  versions  based  on  (4).  For 
the  non-linear  versions,  two  and  three  layer  conjugate- 
gradient  backpropagation  (CGBP)  neural  networks  [5]  were 
utilized  with  different  numbers  of  hidden  neurons  (0,  15, 
25,  35,  and  45  hidden  neurons).  For  each  implementation, 
the  neural  networks  were  trained  six  times  with  different 
initializations.  Then,  the  average  accuracy  for  these  six 
experiments  was  computed  (see  Figures  1  and  2). 

The  conjugate-gradient  backpropagation  (CGBP)  algo¬ 
rithm  with  two  and  three  layers  was  also  trained  on  the 
same  data  with  different  numbers  of  hidden  neurons  (0, 
15,  30,  and  45  hidden  neurons).  Each  version  of  the  CGBP 
network  was  trained  six  times  with  different  initializations 
and  the  overall  average  accuracies  were  computed  in  each 
case. 

The  overall  classification  accuracies  for  the  different 
methods  are  summarized  in  Table  2.  In  the  table  the 
average  result  for  the  best  implementation  of  the  neural 
network  based  methods  is  shown  in  each  case.  From  the 
results  in  Table  2  it  is  interesting  to  note  that  very  sim¬ 
ilar  results  were  achieved  in  terms  of  classification  accu¬ 
racies  of  test  data  with  both  the  LOP  and  LOGP  when 
they  were  optimized  by  the  neural  networks.  These  meth¬ 
ods  outperformed  all  other  methods  in  terms  of  test  ac¬ 
curacies.  It  is  noteworthy  that  the  CGBP  optimization 
increased  the  accuracies  of  the  equally  weighted  LOGP 
by  11.61%  (training)  and  3.83%  (test).  In  comparison 
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Table  2:  Overall  Training  and  Test  Accuracies  for  the 
Classification  Methods  Applied  to  the  Colorado  Data  Set. 


Method 

Training 

Accuracy 

Test 

Accuracy 

MED 

40.28% 

37.98% 

LOP  (equal  weights) 

68.06% 

66.67% 

LOP  (source-specific  weights  from  [1]) 

75.89% 

74.09% 

LOP  (optimal  linear  weights) 

80.26% 

80.42% 

LOP  (optimized  with  CGBP,  30  hidden) 

83.49% 

82.22% 

LOGP  (equal  weights) 

79.76% 

78.44% 

LOGP  (source-specific  weights  from  (1)) 

81.65% 

79.03% 

LOGP  (optimal  linear  weights) 

79.66% 

80.02% 

LOGP  (optimized  with  CGBP,  30  hidden) 

91.37% 

82.27% 

CGBP  (0  hidden  neurons) 

84.15% 

79.70% 

CGBP  (40  hidden  neurons) 

96.26% 

78.34% 

Number  of  Samples 

1008 

1011 

^86 


I 


>C.-  X  -  ^  ^ 


X  LOP  with  0  hidden 
•  LOOP  with  0  hidden 

- LOP  with  30  hidden 

-  -  LOOP  with  30  hidden 


0  100  200  300  400  500  600  700  800 

Number  of  Training  Iterations 


the  CGBP  optimization  increased  the  accuracies  for  the 
equally  weighted  LOP  by  15.43%  (training)  and  15.55% 
(test).  Both  CGBP  optimized  methods  outperformed  the 
best  neural  network  classifiers  in  terms  of  test  accuracies 
by  more  than  2.5%.  This  indicates  the  significant  results 
that  the  discriminative  information  provided  by  LOP  and 
LOOP  are  effective  preprocessors  for  neural  networks. 

5.  CONCLUSION 

Hybrid  consensus  theoretic  classification  has  been  discussed. 
The  approach  is  based  on  using  a  neural  network  as  an  op¬ 
timizer  for  statistical  methods  which  use  consensus  from 
several  data  sources  in  classification.  The  hybrid  approach 
outperformed  all  other  classification  methods  used,  in  terms 
of  test  accuracies.  The  results  suggest  that  the  discrimi¬ 
native  information  provided  by  the  equally  weighted  LOP 
and  LOGP  can  be  effective  preprocessors  for  neural  net¬ 
works.  Based  on  the  results,  the  proposed  hybrid  statis¬ 
tical/neural  consensus  theory  has  potential  to  be  applied 
successfully  for  many  difficult  classification  problems. 
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ABSTRACT 

This  paper  describes  a  methodological  framework  for  multi¬ 
date  multi-sensor  remotely-sensed  image  interpretation. 
The  framework  was  built  based  on  an  integrated  multi¬ 
sensor  classification  scheme.  The  classification  scheme 
considers  a  remotely-sensed  input  image  to  consist  of  ho¬ 
mogeneous  and  textured  regions.  This  approach  allows 
flexibility  in  performing  digital  image  mosaicking  and  data 
fusion  for  the  purpose  of  cloud  cover  removal  and  a  more 
consistent  scene  interpretation.  We  have  determined  that 
both  in  optical  and  radar  images  the  land  cover  types  can 
be  grouped  into  homogeneous  and  textured  regions.  Using 
our  classification  scheme,  the  discrimination  between  land 
cover  types  in  each  group  can  be  enhanced.  It  was  found 
that  better  classification  accuracy  can  be  obtained  by  not 
assuming  that  the  input  image  is  fully  homogeneous  where 
a  classifier  based  on  image  tone  or  spectral  features  is  ap¬ 
plied  or  fully  textured  where  a  classifier  based  on  texture 
features  is  applied.  Several  results  on  digital  image  mo¬ 
saicking  and  data  fusion  using  the  proposed  classification 
scheme  are  presented. 

INTRODUCTION 

Integration  of  different  and  complementary  sensor  im¬ 
ages  such  as  optical  and  radar  remotely-sensed  images  has 
been  widely  used  for  cloud  cover  removal  [1]  and  achiev¬ 
ing  better  scene  interpretation  accuracy  [2,  3].  The  inte¬ 
gration  may  be  done  by  image  mosaicking  or  data  fusion 
which  are  accomplished  either  at  the  preprocessing  stage 
[4]  or  the  postprocessing  stage  [2].  Sensor-specific  classi¬ 
fiers  are  commonly  used.  For  example,  classifiers  based 
on  image  tonal  or  spectral  features  are  used  to  classify 
optical  images  [2].  In  other  cases,  classifiers  based  on  tex¬ 
ture  features  are  used  for  recognizing  cloud  types  [5]  and 
improving  the  urban  area  classification  result  for  optical 
images.  For  radar  image  interpretation,  classifiers  based 
on  various  texture  models  were  used  [6,  7,  8],  but  prob¬ 
lems  may  arise  if  homogeneous-vegion  land  cover  objects 
exist  in  the  radar  image  [9]. 


We  have  observed  that  both  optical  and  radar  im¬ 
ages  consist  of  homogeneous  and  textured  regions.  A  re¬ 
gion  is  considered  as  homogeneous  if  the  local  variance 
of  gray  level  distribution  is  relatively  low,  and  a  region 
is  considered  as  textured  if  the  local  variance  is  high. 
Our  further  investigations  found  that  land-cover  objects 
can  also  be  grouped  into  homogeneous  and  textured  land 
cover  objects  which  offers  better  discrimination  in  each 
group.  Based  on  this  findings  we  have  proposed  an  inte¬ 
grated  multi-sensor  classification  scheme  [1].  The  same 
procedure  can  be  used  for  classifying  optical  or  radar 
input  images.  We  use  the  multivariate  Gaussian  dis¬ 
tribution  to  model  the  homogeneous  part  of  an  image, 
and  use  the  multinomial  distribution  to  model  the  gray 
level  co-occurrences  of  the  textured  part  [9].  We  apply 
a  spectral-based  classifier  to  the  homogeneous  part  and 
a  texture-based  classifier  to  the  textured  part  of  an  im¬ 
age.  These  classifiers  use  maximum-likelihood  decision 
rule  which  work  concurrently  on  an  input  image. 

We  propose  a  methodological  framework  which  uses 
the  integrated  multi-sensor  classification  scheme.  The 
framework  is  facilitated  by  performing  digital  image  mo¬ 
saicking  and  data  fusion  at  the  preprocessing  (low-level) 
stage  and  at  the  postprocessing  (high-level)  stage.  The 
following  sections  present  the  aim  of  this  study,  the  dis¬ 
cussion  on  the  proposed  methodological  framework,  and 
experimental  results.  Finally,  a  conclusion  is  drawn  from 
this  study. 

OBJECTIVES  OF  THIS  STUDY 

Indonesia  is  a  tropical  country  where  the  use  of  optical 
remotely-sensed  image  for  land  cover  mapping  is  con¬ 
founded  by  the  cloud  cover  problem.  Microwave  radar 
images  are  cloud-free  images  but  their  use  is  hampered 
due  to  the  limited  availability  of  the  image  interpretation 
system.  To  solve  these  problems  we  have  proposed  an  in¬ 
tegrated  multi-sensor  image  classification  scheme  whose 
performance  should  at  least  be  comparable  to  the  stan¬ 
dard  or  common  procedure  for  optical  and  radar  image 
interpretation.  The  synergestic  approach  of  optical  and 
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radar  remote  sensing  data  has  become  important  for  solv¬ 
ing  cloud  cover  problem  and  obtaining  a  more  consistent 
scene  interpretation.  We  propose  a  complete  method¬ 
ological  framework  for  multi-date  multi-sensor  image  in¬ 
terpretation  scheme. 


Fig.l:  A  methodological  framework  for  multi-date  multi¬ 
sensor  image  interpretation. 

METHODOLOGICAL  FRAMEWORK 

The  diagram  of  the  methodological  framework  is  shown  in 
Fig.  1.  Digital  image  mosaicking  at  the  low-level  may  use 
multitemporal  optical  images  with  complementary  cloud 
cover.  We  have  utilized  the  algorithm  proposed  by  Soofi 
et  al  [10].  In  case  the  multitemporal  optical  images 
are  not  fully  complementary  in  terms  of  cloud  cover,  we 
propose  a  technique  to  remove  the  cloudy  areas  with  the 
aid  of  the  corresponding  classified  radar  image  by  setting 
the  cloudy  pixel  intensity  to  the  mean  intensity  value  of 
the  corresponding  pixel  class.  An  example  of  low-level 
image  mosaicking  is  shown  in  Fig.  2. 

Low-level  data  fusion  may  be  done  to  improve  radar 
image  classification  accuracy  or  to  exploit  the  synergy 
of  multi-sensor  information.  The  data  fusion  method 
may  include  algebraic  operations,  the  principal  compo¬ 


nent  transformation  or  the  Karhunen-Loeve  transform, 
FCC  or  IHS  tranformation,  augmented  vector  classifica¬ 
tion,  and  hierarchical  data  fusion.  We  have  utilized  the 
intensity  transformation  based  on  the  Karhunen-Loeve 
transform  [11]  and  hierarchical  data  fusion  [4]. 

An  example  of  high-level  image  mosaicking  and  data 
fusion  is  shown  in  Figs.  2(e)  and  2(f).  The  image  mo¬ 
saicking  is  done  between  classified  optical  and  radar  im¬ 
ages.  The  data  fusion  is  an  intermediate  data  fusion 
which  is  done  at  feature  level,  and  can  be  applied  to 
multi-sensor  images  or  multi-date  single-sensor  images. 
We  have  compared  the  use  of  decision  combination  func¬ 
tion  based  on  the  a  posteriori  probability  [12,  13]  and  the 
highest  rank  method  [14]. 

The  classification  scheme  was  discussed  in  [1].  Ba¬ 
sically,  there  are  three  parameters  that  control  the  pro¬ 
posed  classifier:  (i)  a  threshold  value  that  decides  if  a 
pixel  belongs  to  either  the  homogeneous  or  the  textured 
region,  (ii)  type  of  each  land  cover  object  (homogeneous, 
textured,  or  both),  and  (iii)  the  window  size  over  which 
the  texture  measures  are  computed.  The  threshold  value 
can  be  tuned  so  that  we  can  even  have  a  fully  spectral- 
based  classifier  or  a  fully  texture-based  classifier  if  it  is 
necessary.  The  type  of  each  land  cover  object  can  be 
determined  based  on  the  labeled  training  samples.  We 
can  use  a  window  size  as  small  as  3x3  if  there  are  roads 
or  other  line-shaped  objects,  or  a  window  size  of  9x9  if 
larger  objects  are  contained  in  the  image. 

An  optical  Landsat  TM  image  in  Fig.  3(d)  shows 
that  the  water  and  forest  classes  are  homogeneous  regions 
while  urban,  village  and  agriculture  areas  are  textured 
regions.  In  a  SPOT  panchromatic  image  we  found  that 
only  the  cloud  and  open  areas  are  textured  regions.  For 
radar  image  STAR-1  in  Fig.  4(b)  the  water  and  forest 
classes  occupy  the  homogeneous  regions  while  the  village 
and  agriculture  areas  are  textured  regions.  In  an  airborne 
radar  image  we  found  that  all  land  cover  objects  are  tex¬ 
tured  regions  except  for  the  water  class. 

RESULTS  AND  DISCUSSIONS 

Fig.  2  shows  simulated  multitemporal  SPOT  panchro¬ 
matic  images  with  cloud  cover.  Low-level  image  mosaick¬ 
ing  is  done  between  images  in  Figs.  2(a)  and  2(b).  The 
remaining  cloudy  areas  are  removed  with  the  aid  of  its 
classified  radar  image  in  Fig.  2(c).  The  cloud-free  mosaic 
image  is  classified  and  shown  in  Fig.  2(d).  Figs.  2(e)  and 
2(f)  compare  the  results  of  high-level  image  mosaicking 
and  high-level  data  fusion  of  optical  and  radar  images, 
respectively.  The  data  fusion  gave  a  better  result  where 
the  cloud  shadow  area  at  the  lower  left  corner  is  correctly 
classified  as  the  forest  class  while  in  the  mosaic  image  it 
is  classified  as  the  water  class. 
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Fig.  2:  SPOT  panchromatic  (simulated  multitemporal) 
and  airborne  radar  images  of  Sumatra  area;  (a)  and  (b) 
simulated  multitemporal  SPOT  panchromatic  images;  (c) 
Classified  radar  image;  (d)  Cloud-free  SPOT  classified 
image  (low-level  mosaicking);  (e)  SPOT  and  radar  mosaic 
classified  image  (high-level  mosaicking);  (f)  Segmented 
image  as  a  result  of  SPOT  and  radar  data  fusion. 


Fig.  3:  Landsat  TM  images  of  Jawa  area;  (a)  Band-1 
image;  (b)  Band-4  image;  (c)  Principal  component  trans¬ 
formed  image  of  Band-1  and  Band-4  images;  (d)  Binary 
image  of  (c):  black=:homogeneous  and  white=textured; 
(e)  Classified  image  using  the  proposed  scheme;  and  (f) 
Clustered  and  classified  based  on  ground  truth  and  using 
all  the  seven  bands  of  Landsat  TM  images. 


Fig.  3(e)  shows  an  example  of  using  our  classifier  with 
Landsat  TM  visible  Band-1  and  infrared  Band-4  input 
images.  The  classification  was  applied  to  the  principal 
component  transformed  image  of  the  Band-1  and  Band-4 
images.  This  classification  result  is  compared  to  another 
classified  image  in  Fig.  3(f).  The  classified  image  in  Fig. 
3(f)  was  created  based  on  clustering  and  ground  truth 
class  association  using  all  the  seven  bands  of  the  Landsat 
TM.  The  two  results  are  comparable  except  that  the  ur¬ 
ban  areas,  village  and  agriculture  areas  in  Fig.  3(f)  are 
not  as  well  separated  as  in  Fig.  3(e). 


Fig.  4  compares  the  classification  result  of  a  STAR-1 
radar  image  using  our  classifier  which  is  shown  in  Fig. 
4(c)  and  the  classification  result  using  the  augmented 
vector  approach  based  on  three  texture  models  which  is 
shown  in  Fig.  4(d).  The  two  classified  images  show  com¬ 
parable  good  results  except  that  in  Fig.  4(d)  the  village 
and  agriculture  areas  along  the  river  are  classified  into 
the  forest  class. 


(d) 

Fig.4:  STAR-1  radar  image  of  Kalimantan  area;  (a)  Orig¬ 
inal  image;  (b)  Binary  image:  black=homogeneous  and 
white=textured;  (c)  Classified  by  the  proposed  scheme; 
and  (d)  Classified  using  augmented  vector  approach  based 
on  three  texture  models. 


(b) 
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CONCLUSIONS 


In  general,  our  classification  scheme  performs  slightly  (about 
2%)  better  than  the  standard  procedure  based  on  image 
tonal  or  spectral  features.  The  improvement  occurs  in 
the  textured  regions  (urban  areas,  village  and  agriculture 
areas) .  There  is  also  an  improvement  in  radar  image  clas¬ 
sification  accuracy  of  up  to  6%  if  we  compare  our  results 
to  those  reported  in  [15,  6],  Radar  image  transformation 
using  the  corresponding  optical  image  can  also  improve 
the  radar  image  classification.  We  found  that  in  some 
cases,  data  fusion  result  is  better  than  image  mosaick¬ 
ing  result.  We  also  found  that  the  decision  combination 
function  based  on  the  highest  rank  method  is  more  fair 
than  the  function  based  on  the  joint  a  posteriori  proba¬ 
bility.  We  are  continuing  our  investigation  on  using  the 
classifier  for  second-level  land  cover  mapping  in  forestry 
applications. 
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Abstract— This  paper  presents  a  method  for  automatically 
labeling  training  samples  in  mineral  identification  problems. 
A  previous  work  showed  that  an  experienced  human  operator 
can  successfully  identify  training  samples  by  visually 
comparing  the  strong  absorption  features  of  the  laboratory 
spectra  to  those  of  the  adjusted  remotely  sensed  spectra. 
However,  it  is  obviously  a  time-consuming  process.  The 
purpose  of  this  research  is  to  automate  the  labeling  process. 
The  method  proposed  in  this  paper  consists  of  a  data 
preprocessor  and  correlation  detection.  This  data  preprocessor 
is  used  for  shape  adjustment  and  scale  unification.  It  includes 
three  parts:  (1)  the  log  residue  method;  (2)  reference  level 
setting;  (3)  signal  normalization.  The  desired  number  of 
training  samples  can  be  specified  to  guarantee  that  enough 
training  samples  are  drawn  from  the  data  set.  After  training 
samples  are  labeled,  a  series  of  statistical  pattern  recognition 
analysis  methods  are  applied  to  the  original  remotely  sensed 
data  set  to  do  classification.  The  data  set  used  in  the  paper  is 
Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS) 
data  taken  over  the  Cuprite  mining  District,  Nevada  in  1992. 
The  result  is  compared  to  a  previous  work  that  requires  a 
human  operator  to  visually  label  training  samples  and  a  rough 
geologic  ground  truth  map.  It  shows  that  this  automated 
labeling  method  not  only  saves  human  laboring  but  also 
achieves  a  fair  performance  of  classification. 

INTRODUCTION 

Conventionally,  a  ground  truth  map  is  needed  to  label 
training  samples  when  pattern  recognition  methods  are  used 
for  classifying  remote  sensing  data.  In  [1],  it  is  shown  that 
with  no  ground  truth  map,  training  samples  in  mineral 
classification  problems  can  be  labeled  if  laboratory 
reflectance  spectra  are  available.  It  is  due  to  the  fact  that 
many  minerals  have  unique  and  diagnostic  absorption 
characteristics  in  their  reflectance  spectra.  In  [1],  after 
remotely  sensed  radiance  spectra  were  adjusted  to  resemble 
reflectance  spectra  by  using  the  log  residue  method  [2],  the 
adjusted  spectra  were  visually  compared  to  laboratory 
reflectance  spectra  by  a  human  operator.  A  sample  was 
labeled  as  a  training  sample  if  its  absorption  features  in  the 
adjusted  spectrum  and  laboratory  reflectance  spectrum 
appeared  to  be  adequately  similar. 

In  this  paper,  a  technique  of  signal  detection  is  used  to 
replace  the  visual  comparison.  The  comparison  criterion 
remains  the  same  —  the  absorption  features  of  spectra.  Note 
that  the  laboratory  reflectance  spectra  used  in  [1]  lack  scaling 
units.  While  a  human  operator  has  no  difficulty  comparing 
absorption  features  with  no  scaling  units  available,  it  is  more 
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difficult  for  any  automatic  comparison  method  to  compare 
signals  without  any  quantity  information.  A  normalization 
approach  is  proposed  to  set  up  a  common  comparison 
background  without  any  loss  of  absorption  features  of 
spectra.  The  laboratory  reflectance  spectra  and  all  adjusted 
signal  are  normalized  to  be  of  zero  mean  responses  and  unit 
energies. 

BACKGROUND 

If  an  absorption  feature  is  regarded  as  a  spectral  band  where 
a  local  minimum  of  the  spectrum  occurs,  then  the  absorption 
features  of  a  spectrum  are  conserved  with  the  following  two 
operations: 

(i)  The  spectral  function  is  multiplied  by  a  scalar,  and 

(ii)  A  constant  is  added  to  the  spectral  function. 

Assume  that  a  signal  has  a  spectral  function  p(X).  Let 

where  p-— and 
E  rii^j 

E-}Y,(p('^i)-\^f  ^  then  s(X)  and  piX)  have  the  same 
h’=j 

absorption  features. 

Observe  that  Xs(Xi)  =  0,  and  =  A  so  s(X)  is  a 

/=/  i=j 

signal  with  zero  mean  and  unit  energy.  The  zero  mean 
response  provides  a  comparison  reference  level  and  unit 
energy  eliminates  the  effect  of  the  energy  on  the  detection. 

For  the  sake  of  convenience,  each  spectral  response  is 
expressed  by  a  vector  in  a  feature  space 
x  =  [xj  X2  xj  ...  7^.  For  the  case  at  hand  the  wavelengths 
of  the  laboratory  reflectance  spectra  represent  only  31  bands 
covering  the  range  2.05-2.35  pm,  so  n=31  is  used  for  the 
following  discussion.  The  spectra  comparison  problem  can  be 
modeled  as  an  m-hypothesis  problem  as  below. 

LABELING  TRAINING  SAMPLES 

Assume  that  m  laboratory  spectra  are  normalized  to 
=  Therefore  there  are  m  hypotheses  [3] 

for  each  normalized  remotely  sensed  pixel  r  r-  1\ 

+1^ ,  i=l,2,,.,m 

where  w  is  assumed  to  be  a  white  Gaussian  noise  vector 
with  a  mean  vector  0  and  an  identity  covariance  7_*  To  insure 
that  the  labeled  samples  are  representative,  thresholds  are  set. 
If  Hi  is  true  and  the  pixel  r  passes  the  threshold  test,  then  r  is 
labeled  as  a  training  sample  of  class  i  (i  =  l,..,m). 
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Under  ///,  the  probability  density  of  i_  is 

p,.\f^,(r\Hi)  =  (2n)  exp[-^(r- s-f  (r-s-)] .  Assume  that  a 

priori  probabilities  are  equal,  then  the  decision  rule  based  on 
the  Bayes  criterion  is 

If  Sj^  r  =  max(s^  r)  say 
i 

That  is  called  correlation  detection.  A  threshold  d  is  set  to 
reject  those  pixels  with  little  correlation  with  signal  Sj^ . 

If  max(s^  r)  <  d,  Do  not  label  the  pixel 

A  more  convenient  way  is  to  set  a  minimum  training 
sample  size  so  that  a  desired  number  of  training  samples  is 
guaranteed.  The  labeling  flowchart  for  known  laboratory 
spectra  is  shown  in  Fig.  1, 

For  those  minerals  which  do  not  have  known  or  identifiable 
absorption  features,  their  training  samples  were  selected  by 
the  same  technique  as  [1].  It  was  suggested  that  training 
samples  were  located  in  the  low  likelihood  areas  of  a 
preliminary  likelihood  map,  which  was  produced  after  the 
discriminant  analysis  feature  extraction  [7]  and  a  maximum 
likelihood  classifier  for  m  classes  were  run  on  the  original 
remotely  sensed  radiance  data. 


Done 

Figure  1.  The  flowchart  of  the  automatic  labeling  process 


CLASSIFICATION 

The  data  set  used  is  from  the  1992  AVIRIS  flight  over  the 
Cuprite  Mining  District  in  southwestern  Nevada.  The 
complete  data  set  consists  of  220  spectral  bands  covering  the 
wavelength  range  0.4  to  2.5  pm.  This  site  has  very  little 
vegetation  and  several  exposed  minerals.  Among  these 
minerals,  the  laboratory  reflectance  spectra  of  alunite, 
buddingtonite,  kaolinite  and  quartz  are  available  [4].  As  for 
other  minerals  such  as  argillized,  tuff,  alluvium  and  playa, 
their  training  samples  were  determined  by  comparing  the 
preliminary  likelihood  map  to  the  geologic  maps  from  [5]  and 
[6]. 

After  the  training  samples  of  all  eight  classes  were 
obtained,  the  discriminant  analysis  feature  extraction  method 
[7]  was  used  to  transform  the  data  to  a  lower  dimensional 
space  so  that  classification  could  be  done  faster  while  the 
separability  of  the  classes  was  maintained  For  an  eight-class 
problem,  the  maximum  number  of  features  that  discriminant 
analysis  can  extract  is  seven.  In  our  experiment,  all  seven 
features  were  used  for  classification.  A  maximum  likelihood 
classifier  was  designed  based  on  the  statistics  of  training 
samples  in  the  7-dimensional  feature  space. 

To  estimate  the  performance  of  the  classifier,  the 
resubstitution  method  and  the  hold-out  method  are  used  to 
bound  the  Bayes  accuracy  [7].  When  the  number  of  training 
samples  is  very  limited,  it  is  hard  to  apply  the  hold-out 
method  so  the  leave-one-out  method  is  often  used  instead  to 
provide  the  lower  bound  on  the  accuracy. 

Table  1.  The  number  of  training  samples  and  the  classification 


Previous 

work 

Threshold 
=  0.85 

min. 

training 

sample 

size 

:r:220 

Alunite 

729 

3345 

978 

Buddingtonite 

71 

380 

380 

Kaolinite 

232 

698 

227 

Quartz 

385 

28 

411 

Alluvium 

689 

689 

689 

Playa 

252 

252 

252 

Tuff 

293 

293 

293 

Argillized 

93 

93 

93 

Accuracy 

99.6% 

98.2% 

98.3% 

(resubstitution, 

leave-one-out) 

99.6% 

98.0% 

98.2% 

Although  the  experiment  with  threshold  0.85  and  the 
experiment  with  minimum  size  220  achieve  comparable 
accuracies,  the  number  of  training  samples  for  Quartz  is  too 
small  (only  28)  in  the  experiment  with  a  threshold  0.85.  Thus, 
the  training  samples  obtained  from  the  experiment  with 
minimum  setting  were  used  to  design  a  classifier  and  its 
classification  result  was  compared  to  the  previous  work. 


1856 


CONCLUSION 

The  thematic  maps  in  Fig.  2  show  that  the  result  (min 
size=220)  is  similar  to  the  previous  work[l].  From  the 
viewpoint  of  pattern  recognition,  using  laboratory  spectra  to 
label  training  samples  is  a  way  in  which  the  means  of  classes 
in  the  subspace  (31  features)  are  utilized  to  identify  training 
samples.  Without  the  second  order  statistics  information,  the 
noise  in  the  hypotheses  is  assumed  a  white  noise.  That  is,  all 
classes  are  assumed  to  have  the  same  covariance  matrices  in 
the  31 -dimensional  subspace.  After  training  samples  are 
collected,  a  classifier  is  designed  from  data  in  the  whole 
space. 

When  a  ground  truth  map  is  not  available,  it  is  necessary  to 
use  other  knowledge  to  train  a  classifier.  In  mineral 
identification,  the  strong  absorption  features  of  laboratory 
reflectance  spectra  are  generally  considered  helpful  in 
classification.  For  other  ground  types,  photo  interpretation  or 
clustering  techniques  may  be  useful  for  labeling  training 
samples. 
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Figure  2  Classification  of  AVIRIS  data  using  correlation  Figure  3.  Geological  map  redrawn  from  Abrams,  et  al.,  1977 
detection  (Original  in  color).  (original  in  color). 
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Abstract  —  A  nonparametric,  hierarchical,  divisive  clustering 
algorithm  based  on  mutual  nearest  neighborhood  concept  is 
proposed  for  classification  of  large  volume  of  multispectral 
data  indenting  minimum  memory  and  computational  time.  To 
realise  the  reduction  of  memory  and  computational  time 
requirements,  we  define  an  Area  of  Interest  around  each  pixel 
to  search  the  required  k  nearest  neighbors  necessary  for 
initiating  splitting  operation.  We  have  proposed  a  modified 
distance  measure,  which  incorporates  the  relative  position  of 
the  pixels  together  with  their  feature  values  inorder  to  improve 
the  performance  of  the  algorithm  and  reduce  the  classification 
error  rate.  The  algorithm  is  simple,  noniterative  and  can  be 
successfully  applied  on  any  image  data.  Simulation 
experiments  are  conducted  to  corroborate  the  efficacy  of  the 
proposed  methodology  in  terms  of  time,  space  and  error  rate. 

I.  INTRODUCTION 

XT  is  very  usual  practice  for  man  to  classify  the  observations 
land  hence,  study  the  system  for  which  observations  are 
made.  Qassification  of  multidimensional  data  set  or  cluster 
analysis  is  one  of  the  Pattern  Recognition  techniques. 
Clustering  is  usually  viewed  as  a  process  of  partitioning  data 
into  groups  of  similar  objects.  Tliere  exists  a  variety  of 
hierarchical  agglomerative  and  divisive  clustering  techniques 
[4].  Successive  splitting  operations  lie  at  the  heart  of  divisive 
methods.  Perhaps  a  more  natural  way  to  define  clusters  is  by 
utilizing  the  property  of  mutual  nearest  neighborhood  between 
two  patterns  [2,  3]. 

Qassification  of  remotely  sensed  data  is  not  an  easy  task, 
because  of  the  classification  time  increases  significantly  owing 
to  its  quadratic  dependence  of  image  size  [5].  In  order  to 
compromise  between  time  and  accuracy  of  the  clustering 
methods,  we  prop)ose  a  new  concept,  namely  Area  of  hiterest 
around  each  pixel. 

Distance  measures  play  an  important  role  in  classification 
and  many  distance  measures  are  reported  in  literature  [1]  [4]. 
Qustering  procedures  which  employ  such  distance  measures 
give  erroneous  classification  because  of  considering  only  the 
feature  values  of  the  pixels.  To  alleviate  this  problem,  we 
propose  a  modified  distance  measure  which  takes  into  account 
the  relative  position  of  the  pixels  in  coordinate  space  along 

*  We  thank  the  Indo-French  Center  for  the  Promotion  of 
Advanced  Research  for  the  research  support  under  IFCPAR 
project  No.  912-1. 


with  the  feature  values  or  band  values  of  the  pixels. 

This  paper  suggests  away  by  which  divisive  clustering  using 
the  concept  of  mutual  nearest  neighborhood  can  be  applied  to 
remotely  sensed  data  for  quantitative  analysis,  in  such  a  way 
that  the  intrinsic  limitations  of  applying  this  procedure  to  data 
of  huge  volume  can  be  overcome. 

n.  NOTION  OF  AREA  OF  INTEREST 

In  traditional  divisive  clustering  procedures  the 
computational  time  and  memory  requirements  are  high  as  the 
whole  image  is  considered  to  determine  the  k  nearest 
neighborhood  for  each  pixel  necessary  for  initiating  splitting 
operation.  While  working  on  an  image  data  for  classification, 
some  basic  knowledge  like,  roughness  or  smoothness  of  image 
areas  are  necessary.  Such  a  situation  is  very  common  in 
remotely  sensed  data,  thus  the  density  of  the  neighboring 
pixels  belonging  to  the  same  class  is  high. 

To  realize  reduction  of  memory  and  computational  time,  we 
define  an  Area  of  Interest,  around  each  pixel  to  search  the 
required  k  nearest  neighbors  necessary  for  initiating  splitting 
operation.  Wliile  defining  the  Area  of  Interest  with  reference 
to  pixel  under  consideration,  we  have  made  use  of  the 
assumption  that  the  probability  of  existence  of  the  k  nearest 
neighbors  surrounding  the  given  pixel  is  very  high  as  in 
remote  sensing  data. 

Area  of  Interest  is  specified  by  the  user  as  an  area  in  the 
coordinate  space  surrounding  each  pixel  under  consideration. 
All  pixels  falling  within  this  Area  of  hiterest  in  the  image  are 
then  used  for  calculating  the  distance  from  the  pixel  under 
consideration  for  finding  k  nearest  neighbors.  Consequently, 
the  k-width  neighborhood  pixels  within  this  Area  of  hiterest 
are  then  considered  for  further  splitting  operation. 

In  Fig.  1,  the  dotted  line  shows  the  Area  of  hiterest  for  a 


Fig.  1.  Area  Of  hiterest  hi  Image  Area 
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given  pixel  p  in  the  image  frame  shown  by  the  thick 
boundaiy.  Let  h  and  w  be  the  user  specified  height  and 
width  of  the  Area  of  Interest  and  a,  b,  c,  d  represent  the 
comer  points.  Let  (x,  y)  be  the  coordinate  vector  of  pixel  p. 
The  coordinate  vectors  of  comers  of  the  Area  of  Interest  are 
calculated  by  the  following  equations. 


a(x-,  y)  =  ((X  -  ~),  (y  +  |)) 

(1) 

b(x  -,  y)  =  ((X  +  ^),  (y  +  |)) 

(2) 

c(x-,  y)  =  ((x  -  ^).  (y  -  1)) 

(3) 

d(x-,  y)  =  ((x  +  ^),  (y  -  ^)) 

(4) 

Only  those  pixels  present  in  this  window  are  considered  for 
finding  k  nearest  neighbors  for  a  given  pixel  p.  Area  of 
Interest  is  used  also  to  emphasize  or  de-emphasize  degree  of 
nearness  of  neighborhood  pixels  present  in  the  vicinity  of  this 
area  and  also  it  deals  with  the  population  present  within  this 
area  rather  than  with  the  whole  image. 

m.  PROPOSED  MODIFIED  DISTANCE  MEASURE 

In  divisive  clustering  method,  when  k-width  neighborhood 
is  considered  in  multispectral  image  data,  one  encounters 
many  pixels  having  the  same  proximity  value  with  many  other 
pixels.  This  leads  to  conflicts  in  choosing  k  nearest  neighbor 
pixels  causing  erroneous  classification,  since  many  pixels  may 
not  be  involved  in  the  splitting  operation. 

The  modified  distance  measure  which  fuses  the  relative 
positions  of  the  pixels  together  with  their  feature  values. 
Efowever,  it  may  be  noted  that  traditional  distance  measures 
consider  only  feature  values  of  the  pixels  but  not  their  relative 
positions. 

Let  the  feature  space  for  pixels  a  and  b  having  the  feature 
vectors  F,  (f„  fj,  ....  y  and  Ft  (fj,  f^)  with  D 

number  of  features  respectively.  Die  corresponding  coordinate 
vectors  of  a  and  b  is  (x,  y)  and  Q  (x*,  y)  respectively. 
The  distance  between  pixels  a  and  b  is  d(a,  b)  and  is  given  by 

d(a,b)=dl(F„F,)+d2(Q,C;)  (5) 

where  dl(Fa,  F^)  is  a  function  of  any  distance  measure^ 
between  pixels  a  and  b  based  on  their  feature  vectors,  d2(C3, 
Qj)  distance  between  pixels  a  and  b  with  respect  to  their 
relative  positions. 

Let  dl(Fa,  Fjj)  be  the  Euclidean  distance  between  pixels  a 
and  b  based  on  their  feature  vectors  F^,  F^  is  given  by 

^  as  found  in  any  traditional  distance  measure  like  euclidean 
distance,  cityblock  distance  etc. 


dl(F,,  F,)  =  A( 


D 


E  (Fa,  -  FJ"  ) 


(6) 


Here  A  is  a  function  which  converts  real  proximity  value  to 
integer  value,  such  as  A(6.2345^78)  =  62345  (proximity 
value  is  converted  into  integer  number  upto  4^  decimal  place). 

In  (5)  d2(Q,  Q)  is  the  distance  between  pixels  a  and  b 
based  on  their  coordinate  vectors  Q,  Q,  is  given  by 


d2(C,,  C,) 


G(|x  -x-|,  |y  -y  |) 
G(X,  Y) 


(7) 


Here  X  and  Y  are  width  and  height  of  the  image  respectively, 
and  G  is  a  function  which  finds  the  greatest  of  two  numbers. 

It  may  be  noted  that  the  modified  distance  measure  is  of 
stmcture  dl.d2,  where  dl  (dl  >0)  is  the  integral  and  d2  (d2 
<  1)  is  the  fractional  part  of  the  modified  distance  d 
Eventhough,  dl  »  d2,  distance  d2  helps  to  achieve  better 
discrimination  of  pixels  as  it  is  calculated  based  on  the  relative 
positions  of  the  pixels.  Thus,  when  modified  distance  measure 
is  employed,  no  two  identical  pixels  are  associated  with  the 
same  proximity  value  in  most  of  the  cases.  This  is  the  reason 
why  clustering  methods  using  this  modified  distance  measure 
perform  better. 


IV.  CLUSTERING  ALGORITHM 


The  proposed  modified  distance  measured  based  divisive 
algorithm  is  nonparametric  and  hierarchical.  The  criterion  is 
to  split  the  pixels  based  on  MNV  (mutual  neighborhood  value) 
[2].  In  this  algorithm,  a  mutual  neighborhood  value  (MNV) 
between  two  pixels  is  measured.  When  p^  is  the  s*  nearest 
neighbor  of  pg  and  pg  is  the  t^  nearest  neighbor  of  p^,  then  the 
MNV  between  p^  and  pg  is  MNV(A,  B)  =MNV(B,  A)  =s  + 
t.  The  smaller  the  MNV,  the  more  similar  the  pixels  are.  The 
minimum  MNV  is  1  +1  =2  and  the  maximum  MNV  is  2k  (k 
is  the  neighborhood  depth). 

The  mutual  nearest  neighborhood  based  divisive  clustering 
algorithm  proceeds  as  follows: 

1.  Let  P  =  {  {pi„  p,2,  Pi3,  Pix},  {P21,  P22.  P23.  P2x}. 

{pYi,  Py2)  Py3>  — >  Pyx}  }  be  a  set  of  X  by  Y  pixels  on  D 
dimensions.  Let  the  initial  number  of  clusters  be  1  having  a 
cluster  weight  of  X  by  Y. 

2.  Find  k-width  neighborhood  pixels  for  each  pixel  by 
following  steps  from  2a  to  2c. 

2a.  Compute  the  coordinates  of  the  boundaiy  comers  of 
Area  of  Interest  using  (1)  to  (4). 

2b.  Compute  proximity  values  using  modified  distance 
measure  given  by  (5),  between  all  pairs  of  pixels  coming 
under  the  Area  of  Interest. 

2c.  Search  the  k-widlh  nearest  neighbors  having  least 
proximity  values. 
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3.  Compute  the  MNV  for  eveiy  pair  of  pixelso  If  Pj, 
(1  <  i  <  X  by  Y)  andPj,  (1  <  j  <  k)  are  not  mutual 
neighbors  for  the  k,  set  MNV(i,  j)  to  arbitrarily  large  number 
such  as  100  (>2k). 

4.  Set  MNV  threshold  MNY^^  ^  2k. 

5.  Identify  all  the  pairs  of  pixels  with  MNV  -MNVjjj.  Split 
every  such  pair  into  a  cluster  in  descending  proximity  values, 
and  increase  the  total  number  of  clusters  by  1  after  each  split. 

6.  If  all  the  pairs  of  pixels  with  MNV  =MNV^have  been 
splitted  and  if  still  MNVjj^  >2k,  then  MNVjj^  =MI^t,j  -  fy  go 
to  step  5.  Otherwise,  stop. 

V.  EXPERIMENTAL  RESULTS 

The  experiment  is  conducted  on  Multispectral  IRS  data 
covering  Nagaraliole  forest  area  of  Karnataka  State,  India  (as 
shown  in  Fig.  2.  This  image  is  of  size  256  X  256  with  4 
features.  The  data  covers  mainly  the  area  consisting  of  dense 
forest,  thin  forest  and  a  part  of  forest  area  destroyed  by  the 
fire.  Thus  we  can  look  for  quantitative  analysis  of 
deforestation  and  afforestation  in  this  image. 

The  application  of  the  proposed  algorithm,  for  a 
neighborhood  width  of  k=15  and  w=h=10,  yield  12  major 
classes.  This  has  been  verified  by  the  ground  truth  provided 
by  RRSC  (Regional  Remote  Sensing  Centre),  Karnataka  State, 
India  and  the  classification  results  are  shown  in  Fig.  3. 


Fig.  2.  IRS  Image 


Fig.  3.  Classification  Map 


TABLE  I 

Comparison  Of  Qassification  Results 


Algo¬ 

rithm 

Classification 
accuracy  % 

Tmie  ir  finding 
NN% 

Memoiy  for 
finding  NN  % 

1 

93.35 

100 

100 

2 

97.86 

2.36 

0.472 

Table  I  shows  the  comparison  of  proposed  algorithm  2  with 
the  algorithm  1  in  [3].  The  result  obtained  by  the  proposed 
methodology  was  found  to  be  97.86  %  accurate.  Hence,  the 
proposed  procedure  is  fast  and  indents  less  memory. 

VI.  DISCUSSION  AND  CONCLUSION 

Further,  the  approach  employed  in  defining  modified 
distance  measure,  suggests  that  this  procedure  may  be 
re-devised  to  extract  a  class  of  interest  by  tracing  all  those 
pixels  belonging  to  the  same  class  using  the  aforesaid  idea  of 
searching  the  nearest  neighbors  in  the  defined  area  of  interest. 
Such  a  modification  should  be  useful  in  Geological 
explorations  as  it  is  possible  to  trace  the  bunch  of  pixels 
representing  the  existence  of  natural  resources  like  Petroleum, 
Coal  (as  in  microwave  remote  sensing). 

An  Area  of  Interest  is  defined  to  realise  the  reduction  of 
memory  and  computational  time  requirements.  The  advantages 
of  modified  measure  is  presented.  An  divisive  clustering  based 
on  mutual  nearest  neighborhood  concept  is  developed  for 
quantitative  analysis  of  remotely  sensed  data  using  the 
modified  measure.  Typical  experiments  are  conducted  to 
corroborate  the  efficacy  of  the  algoritlim.  The  algoritlim 
automatically  determines  the  number  of  classes  depending  on 
the  k-width. 
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Abstract  -  In  retrieving  surface  parameters  from  remotely 
sensed  data,  especially  over  vegetated  land  surfaces, 
synergistic  use  of  optical  and  microwave  instruments  appears 
to  be  a  more  powerful  tool  than  when  each  considered  alone. 
Although  this  is  especially  true  in  the  case  of  SAR  data 
because  of  the  complexity  in  the  interpretation  of  the 
measured  signal,  the  same  is  also  true  for  optical  data  when 
working  in  highly  vegetated  areas  or  when  dealing  with  the 
retrieval  of  parameters  related  to  the  water  content  of 
soil/vegetation  systems.  In  this  paper,  we  will  demonstrate 
the  capabilities  of  synergistic  approaches  by  using 
polarimetric  AIRSAR  and  Landsat  TM  data  by  means  of  a 
combined  modeling  approach,  where  the  information  content 
of  each  data  type  is  explicitely  separated  into  the  parameters 
which  are  intrinsic  to  only  one  type  of  data  and  those  which 
really  provide  the  combined  information  potentially 
retrievable  by  means  of  data  synergy. 

INTRODUCTION 

Because  of  the  limitations  of  optical  and  microwave  data  to 
retrieve  surface  parameters  when  both  are  used  separately, 
synergistic  approaches  can  be  a  way  to  overcome  some 
limitations  and  provide  new  type  of  information.  However, 
combination  of  such  different  information  is  not  an  obvious 
task,  and  many  aspects  have  to  be  considered  in  order  to 
avoid  erroneous  or  misleading  conclusions. 

For  this  study,  we  take  advantage  of  data  collected  during 
the  European  Field  Experiment  on  a  Desertification- 
threatened  Area  (EFEDA)[1],  including  optical  (Landsat  TM, 
Spot,  AVHRR,  AVIRIS),  microwave  (AIRSAR)  and  ground 
truth  data.  After  geometric  and  radiometric  corrections 
applied  as  part  of  the  pre-processing  steps,  we  intend  to 
retrieve  surface  parameters  such  as  vegetation  fractional 
cover,  LAI,  soil/vegetation  albedo,  soil  moisture,  leaf/canopy 
water  content  and  other  parameters  governing  surface 
aerodynamic  roughness  and  canopy  stomatal  resistance,  all 
for  the  purpose  of  energy  balance  modeling  [4]. 

The  information  content  of  each  dataset  pertaining  to  the 
retrieval  of  the  desired  parameters  is  determined  by  using 
statistical  data  analysis  techniques.  However,  physical 
modeling  is  required  to  properly  describe  the  information 
content  of  the  data,  because  of  the  multiple  inter-relationships 
among  all  the  involved  parameters. 

POTENTIALS  AND  LIMITS 
OF  OPTICAL-  MICROWAVE  SYNERGY 

Potentials  of  combined  use  of  optical  and  microwave  data 
have  been  established  in  different  applications.  Because  of 


the  very  different  information  content,  small  correlation 
between  optical  and  microwave  channels  are  usually 
observed  in  measured  data,  and  then  there  is  a  strong 
potential  to  derive  significant  more  information  when  both 
types  of  data  are  used  together.  Limitations  in  the  combined 
used  of  the  data  are  seriously  imposed  by  the  change  with 
time  of  surface  conditions  (especially  those  related  to  water 
content)  when  data  are  not  simultaneous,  but  the  major 
limitation  is  the  intrinsic  variability  of  natural  surfaces,  in 
most  cases  over  the  capabilities  to  detect  changes  with 
statistical  significance,  especially  due  to  the  high  dynamical 
range  of  variation  (including  noise)  in  the  SAR  signal  when 
combined  with  the  optical  reflectances.  A  major  limitation  is 
also  the  large-scale  spatial  pattern  constraint  (see  Fig.  1). 
One  would  expect  that  when  the  scale  under  consideration  is 
considerably  over  the  wavelength  sizes  (like  over  100m) 
homogeneous  systems  can  be  described  with  the  same 
geometrical  structure  at  all  wavelengths  under  consideration. 
However,  interference  patterns  associated  to  wavelength/size 
of  structures  still  persist  over  large  scales  (Fig.  lb).  In  order 
to  recover  this  behaviours  in  the  models,  the  geometrical 
estructure  of  the  systems  must  be  described  also  at  the  scales 
comparables  to  wavelength,  and  not  by  assuming  random 
media  under  a  given  spatial  scale.  Geometrical  description  is 
a  major  limitation  at  microwave  frequencies,  and  optical  data 
only  help  in  these  cases  when  the  distances  between 
vegetation  elements  are  large  enough  to  be  sensitive  to  the 
amount  of  shadows  over  an  (homogeneous)  soil  background. 
Optical  shadows  then  provide  information  about  geometrical 
structure,  but  for  current  spatial  resolutions  in  satellite 
systems  the  geometrical  information  about  wavelenght-size 
geometry  required  to  model  the  microwave  signal  is  lost  in 
optical  data.  Multiple-angle  data  (especially  at  optical 
wavelengths)  would  be  more  useful  to  derive  geometrical 
information. 


CONCEPTUAL  PROBLEMS  IN  EXISTING 
APPROACHES 

In  most  existing  approaches  in  optical-microwave  synergy, 
the  essential  idea  is  the  use  of  the  'minimum-set’,  so  that  only 
a  few  channels  can  provide  maximum-information.  Only 
basic  polarizations  (HH,VV,HV)  for  one  or  two  frequencies 
(mainly  L  and  C)  are  used  from  microwave  data,  while  only 
the  Normalized  Difference  Vegetation  Index  (NDVI)  is  used 
in  most  cases  from  optical  data.  Apart  from  other  limitations, 
the  use  of  NDVI  (or  related  similar  ’indices’ )  is  supposed  to 
account  for  the  amount  of  vegetation  over  the  soil 
background,  the  basic  information  required  to  interpret  the 
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SAR  signal  where  scattering  mechanisms  do  not  allow 
soil/vegetation  direct  separability  for  parameter  retrievals. 

Experience  in  different  areas  and  different  studies  shows 
that  approaches  using  optical  vegetation  indices  are 
sometimes  successful,  although  the  same  approaches  give 
wrong  results  in  other  cases.  It  is  easy  to  see  that  there  is  a 
conceptual  error  in  using  ’decoupled'  information  when  NDVI 
or  similar  indices  are  directly  used  in  optical/microwave 
synergy  approaches.  The  reason  for  that  problems  is  the  fact 
that  all  vegetation  indices  are  based  on  combinations  of 
optical  channels  linking  information  in  the  spectral  range 
where  there  is  a  decoupling  of  information  between  that 
related  to  leaf  pigments  (chlorophyll,  etc.),  with  contributions 
for  wavelengths  less  than  0.7  \xm  and  almost  without  any 
effect  for  longer  wavelengths,  and  leaf  water  content,  with 
contributions  starting  around  0.7  |im  but  significant  over  the 
full  spectrum  arriving  until  the  wavelengths  used  in 
microwave  data.  Vegetation  indices  are  then  mainly  sensitive 
to  chlorophyll  and  canopy  geometry  terms  (and  slightly  to 
leaf  water  content).  However,  microwave  data  are  absolutely 
insensitive  to  leaf  pigments.  It  is  then  possible  to  have  two 
canopies  with  exactly  the  same  geometry  and  exactly  the 
same  water  content  (then  having  essentially  the  same 
microwave  response)  but  having  both  very  different  leaf 
pigments  (like  chlorophyll)  and  then  giving  very  different 
responses  in  the  optical  domain,  as  derived  in  NDVI  values. 
In  such  cases,  comparison  optical/microwave  data  will  reveal 
significant  differences,  but  interpretation  can  be  wrong  if  the 
different  contributions  can  not  be  properly  separated. 

However,  if  properly  used,  such  decoupled  information  is 
essential  in  increasing  the  accuracy  in  surface  parameter 
retrievals  by  synergistic  techniques:  chlorophyll  absorption  is 
used  to  better  get  fractional  vegetation  cover  from  optical 
channels,  and  then  this  fractional  cover  is  applied  to  the 
microwave  data  interpretation,  although  there  is  no  direct 
connection  between  the  chlorophyll  content  and  the 
microwave  frequencies.  In  any  case,  significant  modeling  is 
required  to  properly  account  for  inter-relationships  and 
differences.  The  information  content  of  each  data  type  have 
to  be  decoupled  into  the  parameters  which  are  intrinsic  to 
only  one  type  of  data  (like  leaf  pigments  in  optical  data)  and 
those  giving  information  in  both  types  of  data.  The  common 
information  (mainly  geometrical  structural  parameters)  must 
be  properly  used,  because  of  the  different  effective  meaning 
of  some  geometrical  parameters  as  a  function  of  wavelength, 
especially  for  ’effective’  roughness-related  terms. 

PHYSICAL  MODELING  APPROACH  TO 
OPTICAL/MICROWAVE  SYNERGY 

A  physically-based  model  has  been  developed  to  interpret 
the  combined  optical  and  microwave  data  into  a  single 
modeling  approach,  by  including  geometric  parameters  that 
account  for  different  scattering  contributions,  and  using 
explicitely  spectral  scattering/absorption  coefficients  as 
derived  from  basic  physical  principles  [4]  [2]  [3].  The  basic 
geometric  terms  are  common  to  both  models,  being  this  the 
key  aspect  of  the  modeling  approach.  On  the  other  hand,  the 


water  content  is  modeled  by  using  the  same  parameterization 
of  physical  properties  of  liquid  water  over  the  full  range  of 
wavelengths,  so  that  the  basic  parameter  have  the  same  basic 
physical  meaning  in  optical  and  microwave  frequencies  when 
trying  retrievals  by  using  combined  optical/microwave  data. 

Although  only  tested  in  limited  cases,  the  approach  is 
general  enough  to  permit  derivation  of  some  generic 
conclusions  about  the  ’necessity’  of  optical-microwave 
synergy  for  derivation  of  basic  surface  parameters.  For 
instance,  sensitivities  of  up  to  50%  for  low  soil  albedo  values 
under  top-soil  moisture  variations  within  the  range  0.0-0.3  are 
perfectly  possible  and  SAR-derived  moisture  fields  are  then 
essential  to  compute  actual  surface  albedo  variations.  In  the 
case  of  bare  soil  and  densely  vegetated  surfaces,  the 
synergistic  use  of  the  data  does  not  contribute  significantly: 
no  ’new'  information  is  retrieved  from  the  synergy  apart  from 
that  which  would  be  retrieved  by  using  each  data  separately. 
The  utility  of  optical-microwave  synergy  appears  to  be 
mainly  significant  in  areas  with  sparse  vegetation,  especially 
when  distribution  of  vegetation  over  soil  is  not  simply 
random  but  follow  some  spatial  pattern.  The  separability 
between  proportional  (fractional)  cover  and  effective 
vegetation  cover  (as  given  by  estimates  like  LAI  or  canopy 
water  content)  becomes  essential.  Because  of  the  stability  of 
absorption  features  in  optical  data,  fractional  cover 
information  can  be  provided  to  microwave  scattering  models 
for  such  soil- vegetation  discontinuous  composites,  especially 
over  dry  soil  conditions,  and  mainly  for  aircraft  data  because 
of  the  large  range  of  incidence  angle  variations,  which 
introduce  additional  problems  in  the  interpretation  of  SAR 
data. 
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Abstract  —  Parametric  and  non-parametric  Monte-Carlo 
methods  and  a  neural  network  method  are  used  for  data 
simulation.  A  Landsat-4  Thematic  Mapper  dataset  and  its 
ground  truth  are  utilized  for  training  and  testing.  The  abilities 
and  deficiencies  of  the  three  methods  are  compared.  It  is 
shown  that  the  neural  network  method  provides  an  attractive 
alternative  for  data  simulation. 

Introduction 

The  majority  of  the  algorithms  for  extracting  geophysical 
information  from  satellite  data  are  developed  before  a  satellite 
is  launched.  Without  real  measurements,  simulated  sensor 
data  often  are  used  to  facilitate  the  development  and  testings 
of  the  algorithms.  In  general,  simulated  data  are  generated 
from:  (a)  measurements  of  airborne  simulators,  (b)  modeling 
the  scene  and  the  sensor  measuring  process,  or  (c)  existing 
measurements  of  sensors  similar  to  the  one  to  be  deployed. 
For  methods  (a)  and  (c),  additional  processings  may  also  be 
required  to  modify  the  spectral,  spatial,  radiometric,  and 
environmental  (such  as  topographic  or  atmospheric) 
properties  of  the  existing  measurements.  This  paper 
concentrates  on  method  (c),  for  which  techniques  are 
developed  to  generate  labeled  samples  using  parametric  and 
non-parametric  Monte  Carlo  methods  and  a  neural  network 
method.  In  particular,  the  ability  of  each  method  to  preserve 
the  statistical  characteristics  in  the  original  data  without 
invoking  more  complex  modeling  is  examined. 

Data  Source 

Landsat-4  Thematic  Mapper  (TM)  data  for  an  area  in  the 
vicinity  of  Washington,  D.C.  were  used  in  the  study.  The 
measurements  were  acquired  in  July  1982.  Since  the  IR 
bands  had  not  yet  stabilized  after  launch,  only  the 
measurements  from  the  first  four  bands  were  used.  The 
dataset  is  of  the  size  256  pixels  by  256  pixels.  Only  about  a 
third  of  the  pixels  are  present  because  of  the  orientation  of  the 
scan  line.  The  ground  truth  consists  of  17  categories,  and 
were  obtained  through  photo-interpretation  of  color  infrared 
aerial  photographs  and  subsequent  field  visits  [1].  A 
preliminary  analysis  of  the  separability  of  these  categories 
was  performed  by  examining  the  ratios  of  between-class  to 
within-class  variance  along  the  Fisher  optimal  discriminant 
vector.  It  is  discovered  that  some  of  the  17  categories  heavily 
overlap  with  the  others.  Based  on  these  ratios,  a  more 
realistic  set  of  information  categories  are  established  using  the 
Anderson  land  use  categories  [2],  namely,  (1)  urban  or  built- 
up  land,  (2)  agricultural  land,  (3)  rangeland,  (4)  forest  land,  (5) 
water,  and  (7)  bare  soil  /cleared  land.  Notice  that  there  is  no 


Category  6,  wetland,  in  this  data.  In  Anderson's  system. 
Category  7  is  barren  land,  such  as  salt  flats,  beaches,  bare 
rock,  etc.  Since  bare  soil^leared  land  (Category  17  in  the 
ground  truth  data)  does  not  exactly  fit  the  definition,  the 
original  description  in  the  ground  truth  is  used  instead. 

Parametric  Monte-Carlo  Method 

In  this  method,  mean  vector  m  and  covariance  matrix  C  for 
each  ground  category  are  computed  from  training  data. 
Assuming  the  distribution  is  Gaussian,  spectrally  correlated 
random  samples  with  mean  vector  m  and  covariance  matrix 
C  are  generated  from  N(m,C)  =  A  N(0J)  -i-  m.  Cholesky 
decomposition  can  be  used  to  solve  for  A  in  A  A"*^  =  C . 
Figs.  1(a)  and  1(b)  show  the  distributions  of  the  training 
samples  and  the  generated  samples  in  the  urban/built-up  and 
the  forest  categories  respectively.  The  urban/built-up 
category  has  1384  pixels,  and  the  forest  category  has  6862 
pixels. 

As  shown  in  Fig.  1(a),  when  the  data  can  be  approximated  by 
multivariate  Gaussian  distribution,  the  simulated  samples 
resemble  the  real  samples  rather  well.  If  the  distribution 
cannot  be  reasonably  represented  by  a  single  Gaussian 
distribution,  however,  forcing  it  with  such  a  representation 
would  not  produce  samples  with  desirable  characteristics,  as 
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Fig.  1.  Results  of  parametric  Monte-Carlo  simulation. 
The  real  and  simulated  distributions  for  band  i  are 
labeled  by  Bj  and  S,-  respectively. 
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shown  in  Fig.  1(b).  In  this  situation,  hypotheses  for  other 
types  of  distribution  (such  as  lognormal  distribution)  could  be 
tested  and  used  as  the  basis  for  simulation  if  tested  well. 
Alternatively  the  distribution  may  be  decomposed  into 
Gaussian  mixture  using  moments,  expectation-maximization 
(EM)  algorithm,  or  other  maximal  likelihood  methods  [3]. 
This  method  loses  its  simplicity  appeal  when  additional 
analyses  must  be  performed  to  determine  the  parameters  of  the 
mixture. 

Non-Parametric  Monte-Carlo  Method 
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Since  a  distribution  may  not  be  uniquely  determined  by  its 
mean  and  covariance,  utilization  of  conditional  probability  of 
the  data  may  provide  a  more  accurate  way  to  generate  random 
samples.  In  this  method, /7i(;ci),p2(^2l-^i)»P3fel^i^2)»  and 
P4(x4lxi,X2^3),  and  their  cumulative  probability  distributions 
are  obtained,  where  is  the  count  in  band  i.  For  each  pixel, 
4  uniform  random  numbers,  N(0  J),  are  generated.  Then  (jcj, 
-^2.*^3»^4)  are  determined  sequentially  by  matching  up  the 
random  numbers  with  the  respective  cumulative  distributions. 
Figs.  2(a)  and  2(b)  show  the  distributions  of  the  samples 
generated  by  non-parametric  Monte-Carlo  method.  It  is 
noticed  that  simulation  performs  very  well  for  Band  1,  but 
less  so  when  the  simulation  progresses  to  Band  4.  The 
reason  for  this  deteriorated  performance  is  explained  as 
follows. 

The  method  uses  conditional  probability  in  the  simulation. 
Since  the  conditional  probability  is  usually  not  known,  it  has 
to  be  estimated  from  the  training  samples.  However,  the 
dimensionality  of  the  conditional  probability  function 
increases  as  the  band  number  increases.  Namely,  a  1-D 
conditional  probability  function  is  used  to  simulate  Xi,  but  a 
4-D  function  is  used  to  simulate  X4.  As  the  dimensionality 
increases,  each  cell  in  the  spectral  space  may  become  so 
depleted  with  pixels  that  it  is  no  longer  possible  to  reliably 
estimate  the  conditional  probability.  This  is  the  reason  why 
this  method  produces  samples  with  excellent  agreement  with 
the  training  sample  for  the  first  band,  but  then  the 
performance  deteriorates  in  the  subsequent  bands.  To 
illustrate  this  is  indeed  the  reason,  Band  4  is  simulated  as  the 
first  dimension  instead  of  the  last  dimension.  Excellent 
agreement  is  obtained  in  this  case,  as  shown  in  Fig.  2(c). 
Alternatively,  one  could  enlarge  the  bin  size  to  enhance  the 
population  in  each  bin  when  there  are  insufficient  samples. 
But  the  resolution  could  be  so  reduced  that  the  result  will  not 
be  very  meaningful.  Therefore,  this  method  is  best  suited  for 
spectral  data  with  low  dimensionality  (such  as  2-D  or  3-D), 
unless  the  conditional  probability  functions  are  known  from 
other  sources. 

Neural  Network  Method 

This  method  involves  using  two  neural  networks  —  a  forward 
network  that  labels  the  pixels,  and  a  inverse  network  that 
maps  the  activation  level,  or  a  posteriori  probability  [6],  into 
pixel  counts. 
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Figure  2.  Results  of  non-parametric  simulation. 

The  first  network  is  a  3-layer,  feed-forward  neural  network. 
The  input  layer  has  four  units,  corresponding  to  the  four  TM 
bands.  The  hidden  layer  has  3  units,  and  the  output  layer  has 
6  units,  corresponding  to  the  6  ground  categories.  Half  of  the 
available  pixels  are  used  for  training,  and  the  other  half  for 
testing.  Since  pixels  of  the  same  categories  tend  to  aggregate 
together  in  nature,  conducting  training  in  this  original  order 
may  result  in  uneven  learning  and  poor  generalization. 
Therefore,  the  pixels  for  the  training  areas  are  indexed 
according  to  their  categories,  and  different  ground  types  are 
presented  to  the  network  sequentially  for  a  uniform  training. 
This  step  is  essential  for  ensuring  a  balanced  view  toward  all 
ground  types  for  the  network  [4]. 

A  gain  of  0.15  and  a  momentum  factor  of  0.35  were  used  in 
the  supervised  training.  After  approximately  160  iterations, 
the  RMS  error  stabilized.  The  overall  classification  accuracy 
is  71.61%.  The  classification  accuracy  is  somewhat  higher 
than  a  previous  classification  using  ISOCLS  and  Gaussian 
maximum  likelihood  method  [1],  and  is  similar  to  that  from 
a  neural  network  classifier  [5],  But  a  direct  comparison  may 
not  be  appropriate,  since  the  data  and  the  categories  are  not 
completely  identical.  By  excluding  samples  with  low 
activation  levels,  the  classification  accuracy  for  all  categories 
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can  be  improved.  For  example,  the  overall  accuracy  becomes 
75.63%  after  9.7%  of  the  samples  are  rejected,  79.28%  after 
15.9%  are  rejected,  and  83.51%  after  22.7%  are  rejected. 

The  activation  levels  of  the  first  network  are  quantized  into  8- 
bit  integers,  stored,  then  fed  into  a  second  neural  network. 
The  second  network  is  also  a  3-layer,  feed-forward  neural 
network.  The  input  layer  has  6  units,  corresponding  to  the  6 
categories.  The  hidden  layer  has  3  units.  And  the  output 
layer  has  4  units,  corresponding  to  the  4  TM  bands.  As  in 
the  first  network,  a  gain  of  0.15  and  a  momentum  factor  of 
0.35  were  used.  In  training  the  second  network,  all  samples 
are  used  regardless  of  their  activation  levels  in  the  first 
network.  The  training  converges  after  approximately  300 
iterations. 

Figs.  3(a)  and  3(b)  show  the  distributions  of  the  samples 
generated  by  the  inverse  neural  network.  For  the  forest 
category,  the  distributions  of  the  generated  samples  follow 
those  of  the  real  samples  rather  closely,  except  for  Band  4. 
For  the  urban/built-up  category,  the  agreement  between  the 
real  and  the  generated  samples  is  still  acceptable.  It  is  noticed 
that  the  generated  samples  tend  to  favor  the  centroid.  Areas 
away  from  the  centroid  are  less  populated.  Hence  data 
samples  can  be  constructed  from  a  posteriori  probability  by 
using  an  inverse  network.  The  a  posteriori  probability  can  be 
based  on  a  real  distribution,  as  discussed  here,  or  the 
signatures  of  various  ground  categories. 

The  advantage  of  this  method  is  that  the  processes  for  both 
the  forward  and  inverse  networks  are  fairly  automatic,  if  one 
excludes  the  preliminary  analysis  on  how  the  classes  should 
be  combined  in  the  forward  network.  It  is  less  likely  for  this 
method  to  encounter  unexpected  results.  The  shortcoming  is 


Figure  3.  Results  of  the  neural  network  simulation 
method. 


that  the  simulated  samples  tend  to  aggregate  more  toward  the 
centroids  than  what  is  indicated  by  the  training  samples. 
Thus  the  characteristics  in  the  training  samples  may  not  be 
completely  preserved  in  the  simulated  data. 

Since  this  method  is  in  essence  an  inversion,  one  must 
examine  how  it  is  affected  by  the  non-uniqueness,  or  the 
many-to-one,  phenomenon  that  exists  in  many  inversion 
problems.  For  example,  ground  truth  information  sometimes 
is  required  to  anchor  the  inverted  results  when  snow 
parameters  are  inferred  from  remotely  sensed  data  [7]. 
However,  the  non-uniqueness  problem  normally  does  not 
exist  in  this  application,  as  will  be  explained  in  the 
following.  It  can  be  shown  that  each  location  in  the  spectral 
space  is  associated  with  a  unique  set  of  a  posteriori 
probabilities  p(k\x)  for  each  category  k  as  long  as  the 
dimension  of  the  probability  space  is  higher  than  the  spectral 
space.  In  other  word,  there  must  be  more  ground  categories 
than  the  number  of  spectral  bands.  The  dimensions  described 
here  must  be  non-degenerative.  Otherwise  adjustment  must 
be  made  first  before  the  two  dimensions  can  be  compared. 

Considering  all  the  abilities  and  deficiencies  of  the  three 
methods  as  described  above,  the  neural  network  method  is  an 
attractive  way  to  simulate  multispectral  data  samples. 
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Abstract-In  this  investigation,  the  signal  reflected  by  a  target 
to  the  stq>-fiequency  radar  is  processed  using  both  non- 
parametric  and  parametric  approaches.  An  autoregressive 
moving  average  (ARMA)  model  of  the  reflected  signal  is  first 
used  to  estimate  the  location  of  the  targets.  Then,  an  extended 
Prony’s  method  is  used  to  estimate  the  magnirnde  of  the 
reflection  coefficients  of  the  targets.  These  model-based 
approaches  are  found  to  jaovide  super  resolution  and 
improvement  in  target  characterization  as  compared  to  a 
conventional  non-parametric  approach.  Several  simulations 
are  made  to  compare  the  perfonnances  of  these  methods. 

INTRODUCTION 

In  recent  years,  step-fitequency  radars  [1,2]  have  been  used 
frequently  in  estimating  the  location  of  the  scattering  targets, 
such  as  ice-layer,  subsurface  targets,  etc.  An  important 
advantage  in  using  step-frequency  radar  [1]  is  that  the  phase 
change  rate  of  the  signal  received  at  the  radar,  for  the 
preselected  incremental  steps  of  transmission  frequency,  is 
directly  proportional  to  the  distance  of  the  scatterer  from  the 
radar.  Frequently,  non-parametric  fast-Fourier-transform-CFFT) 
based  procedures  are  used  [1]  to  estimate  the  location  of  the 
scatterers  from  the  complex  reflected  signal.  It  has  been 
shown  [2]  that  the  non-parametric  approaches  suffer  from 
inherent  resolution  constraints  and  a  parametric  modeling 
approach,  popularly  known  as  the  MUSIC  [3]  algorithm,  is 
found  to  provide  super  resolution  in  estimating  target 
locations,  hi  this  investigation,  we  use  a  high  performance 
ARMA  [3,4]  model  to  estimate  the  target  locations  with 
super  resolution.  On  estimating  the  target  locations,  we  use 
an  extended  fiequaicy-domain  Prony’s  method  (EFDPM  [5]) 
to  estimate  the  reflection  coefficient  of  the  target.  The 
backscattered  signal  received  from  targets  is  synthesized,  and 
the  performance  of  the  model-based  approach  is  compared 
with  that  of  the  conventional  FFT-based  approach. 

DATA  MODELING 

Assume  that  the  transmission  frequency  (f)  of  a  step- 
frequency  radar  is  incrememted  in  discrete  steps  (n)  of  a 
preselected  frequency  Af.  Then,  the  signal  at  the  receiver  can 
be  expressed  as  [2]: 

x(n)=  I  r.  (n).expH2)3udw)  +  N(n)  (1) 
k=l 

where  d^  represents  the  distance  of  the  k'*’  target  and  D 
represents  the  number  of  targets  seen  by  the  radar.  Also,  n 
represents  the  n""  frequency  of  transmission  and  P„=27t.n.Af/c. 
Fi-Cn)  represents  the  reflection  coefficient  of  the  k"*  target  at 


the  n"*  frequency  of  transmission,  and  N(n)  represents  samples 
of  white  Gaussian  noise.  From  the  above  expression  it  can  be 
seen  that  x(n)  represents  samples  of  a  single  (for  Efcl)  or 
multiple  (for  D>1)  sinusoids.  The  rate  of  change  of  the 
phases  of  these  sinusoids  are  proportional  to  the  distance  of 
the  target  from  the  radar.  An  inverse  discrete  Fourier 
transform  of  the  sequence  x(n)  can  be  defined  as 

y(m)  =  ^xin).Qxp(ipJJ  (2) 

n=l 

where  M  represents  the  total  number  of  discrete  frequencies 
under  consideration.  The  samples  of  y(m)  wUl  have  a  peak 
(for  D=l)  or  peaks  (for  D>1).  From  the  location  of  a  peak  of 
ly(m)l,  the  corresponding  location  of  a  target  can  be  estimated 
[1,2].  Once  the  location  of  the  target  is  identified,  the  next 
task  is  to  estimate  its  reflection  coefficient  Since  in  (1), 
rk(n)  is  multiplied  by  a  complex  exponential  term,  the 
inverse  Fourier  transform  of  x(n)  wOl  be  the  inverse  Fourier 
transfcHm  of  rk(n),  shifted  by  the  target  distance  d*.  Thus,  if 
the  samples  of  the  Fourier  transform  of  rn(n)  can  be  isolated 
for  each  target  a  direct  Fourier  transform  of  these  isolated 
sequences  will  provide  estimated  values  of  the  reflection 
coefficient  ri(n)  of  the  target  k. 

In  the  first  simulation,  a  single  target  is  located  at  a 
distance  of  4  m(=d,),  which  possesses  a  linear  reflection 
coefficient  shown  in  Fig.l.  We  assume  that  the  radar  operates 
over  the  frequency  range  of  2-18  Ghz,  and  uses  Af=10  MHz. 
(Tliese  radar  parameters  are  identical  to  the  step-frequency  radar 
that  will  be  used  to  acquire  experimental  data  in  the  near 
future.)  Samples  of  x(n)  are  computed  using.(l)  for  infinite 
signal-to-noise  ratios  (SNR),  and  the  samples  of  the  ly(m)l  are 
computed  using  an  FFT.  TTie  location  of  the  target  is 
identified  as  4.0031  m  based  on  the  peak  location  of  ly(m)l. 
Next,  a  Harming  window  is  set  up  around  this  peak  location 
and  a  total  of  five  samples  of  y(m)  are  collected.  The  inverse 
transform  of  these  samples  of  y(m)  povided  the  estimated 
values  of  the  reflection  coefficient  of  the  target.  The  r.m.s 
value  of  the  estimation  error,  for  infinite  SNR,  is  shown  in 
Table  I  and  the  estimated  values  of  r|t(n)  are  plotted  in  Fig.l. 

It  is  seen  from  Fig.l  that  the  windowing  effect  introduces 
error  in  the  estimated  values  of  the  reflection  coefficient  of  the 
target  It  is  always  prefoable  to  use  as  few  samples  as 
possible  around  the  peak  location  of  y(m)  since  the  error  in 
the  estimated  values  of  y(m)  increases  as  we  move  away  frcan 
the  peak  location[3].  But  the  fewer  samples  we  use  from 
y(m),  the  larger  will  be  the  deformation  in  the  estimated 
values  of  rk(  n).  In  order  to  overcome  these  difficulties  of 
non-parametric  approaches,  we  use  parametric  model-based 
approaches  for  estimating  the  target  locations  and  their 
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reflection  coefficients. 

Since  the  samples  of  ly(m)l  basically  provide  the  spectral 
information  of  the  samples  of  x(n),  a  model-based  spectrum 
estimation  technique  can  be  used  to  estimate  the  location  of 
the  targets  with  a  super  resolution.  In  this  investigation,  we 
use  an  ARMA-model-based  ^proach  [4]  to  estimate  the 
location  of  the  targets  with  high  accuracy.  Accwding  to  this 
scheme,  the  samples  of  the  random  signal  x(n)  is  modeled  as 
the  output  of  an  ARMA  filter  of  order  (p,q),  excited  by  a  zero- 
mean  white  Gaussian  noise  sequence  w(n)  such  that 

x(n)  =  a(k).x(n  -  k)  +  b(k)w(n  -  k)  ( 3 ) 

k=l  k=I 

where  a(k)  and  b(k)  represent  the  AR  and  MA  coefficients  of 
the  ARMA  filter.  For  a  pure  AR  process  (b(0)=l  and  b(k)=0 
for  k>0),  the  AR  parameters  can  be  estimated  using  a  high- 
performance  approach[4],  which  estimates  the  ordo"  p  by 
performing  the  singular  value  decomposition  (SVD)  of  an 
extended  order  autocorrelation  matrix  (ACM).  In  this  case,  the 
order  p  actually  cOTrespond  to  the  number  of  targets  present  in 
the  field  of  view  of  the  radar.  The  samples  of  ACM  are 
extracted  from  the  samples  of  x(n)  [4].  Using  these  AR 
coefficients,  the  pole  locations  can  be  estimated  as  the  roots 
of  the  polynomial  equation  of  the  z-domain  [3,4] 

^a(k:)z"'‘=0  (4) 

k=l 

Since  the  poles  of  (4)  define  the  sinusoidal  components  of 
x(n)  [2,3],  an  accurate  estimation  of  the  poles  will  actually 
define  the  target  locations  accurately.  Using  this  approach,  the 
target  location  is  estimated  as  3.9998  m,  which  is  more 
accurate  than  that  obtained  from  the  inverse-FFT-  (IFFT-) 
based  approach  (see  Table  I). 

Next,  a  total  of  five  samples  of  y(m)  are  selected  around  the 
peak  location  estimated  by  the  ARMA  model.  These  samples 
are  then  used  by  EFDPM  to  model  the  transformation  of  the 
reflection  coefficient  of  a  target  as  a  rational  function  model 
[5]  of  order  (u,v-here  u+v+l=5  and  s(v)=l).  That  is, 

y\m)  =  ^ -  (5) 

k=0 

This  rational  function  model  is  used  to  select  the  parameters 
r(k)  and  s(k)  so  that  y'(ni)  can  provide  a  suboptimal  fit  to  the 
samples  of  y(m)  over  the  entire  range  of  m.  A  direct  Fourier 
transform  of  this  modeled  data  is  used  to  estimate  the  samples 
of  rij(  n),  and  the  result  is  shown  in  Fig.l.  This  scheme 
provid^  an  r.m.s  error  of  0.0052,  which  is  less  than  the 
0.1005  provided  by  the  FFT-based  approach. 

The  tforementioned  procedures  are  repeated  for  SNRs  of  40, 
30,  20, 10  and  0  dB,  and  the  results  are  tabulated  in  Table  I.  It 
can  be  seen  that  as  the  SNR  decreases,  the  r.m.s  error  in 
estimating  the  reflection  coefficient  of  the  target  increases  for 
both  methods.  The  r.m.s  error  provided  by  the  extaided 
Prony’s  method  stays  consistently  lower  than  that  of  the 
FFT-based  approach. 


SUPER  RESOLUTION  FOR  MULTIPLE  TARGETS 

From  Table  I,  it  is  seen  that  the  target  location  estimated 
by  the  FFT-based  approach  did  not  change  at  all  throughout 
the  testing  range  of  the  SNRs.  This  is  expected  since  we  used 
1600  samples  for  only  one  non-decaying  sinusoid.  However, 
when  multiple  and  closely  spaced  targets  are  present  in  the 
radar’s  field  of  view,  the  situation  is  found  to  be  very 
different 

In  this  section,  we  assume  that  the  two  targets  are  present 
at  distances  4.0  and  4.05  meters  from  the  radar.  Then,  we 
compare  the  performances  of  the  ARMA-model-based 
^rproach  versus  the  FFT-based  £q)proach  in  estimating  the 
locations  of  the  targets  as  the  number  samples  (N)  is 
decreased.  The  results  are  presented  in  Table  11,  which  shows 
that  the  ARMA-model-based  approach  successfully  resolves 
the  two  targets  when  the  FFT-based  approach  cannot  resolve  a 
distance  of  0.15  meters.  Thus,  the  parametric  modeling  of  the 
radar  return  is  found  to  be  useful  in  achieving  super  resolution 
as  compared  to  the  FFT-based  approach. 

ESTIMATION  OF  THE  REFLECTION  COEFFICIENTS 
FOR  MULTIPLE  TARGETS 

From  Table  n  we  find  that  the  ARMA  model  can  estimate 
the  target  locations  accurately,  using  only  100  samples  of 
x(n).  To  estimate  the  reflection  coefficient,  however,  we 
collected  1600  samples  of  x(n).  This  is  done  to  make  sure 
that  the  neighboring  target  is  not  undesirably  influencing  the 
five  samples  around  eadi  peak  location  of  iy(m)l  [2].  Next, 
five  samples  are  collected  around  the  first  peak  location  of  the 
inverse  transformed  domain,  and  the  reflection  coefficient  of 
the  target  is  estimated  using  both  the  Hanning  window  and 
the  extended  Prony’s  method.  The  estimated  values  of  the 
reflection  coefficient  are  shown  in  Fig.  2,  and  the  r.m.s  errors 
associated  the  Hamming  window  and  the  extended  Prony’s 
method  are  found  to  be  0.1421  and  0.1143,  respectively,  hi 
the  presence  of  additive  noise,  with  an  SNR  of  0  dB,  the 
r.m.s  errcffs  are  0.1496  and  0.1293.  Thus,  the  extended 
Prony’s  method  provided  superior  performance  in 
characterizing  the  target 

It  is  important  to  note  that  inaeasing  window  size  actually 
decreases  the  perfcmnance  of  the  conventional  approach  in 
estimating  the  samples  F^fn)  due  to  the  undesirable  influence 
from  the  neighboring  target. 

CONCLUDING  REMARKS 

In  this  investigation  we  show  that  an  ARMA-model-based 
technique  provides  super  resolution  in  estimating  the 
locations  of  targets  as  compared  to  an  FFT-based  tqiproach. 
By  knowing  the  locations  of  these  targets,  we  can  collect 
more  Hata  to  get  enough  samples  inbetween  the  peaks  of  the 
inverse  transformed  domain  so  that  the  entended  Prony’s 
method  can  be  used  to  estimate  the  reflection  coefficient  of 
the  target.  We  find  that  the  extended  Prony’s  method 
estimates  the  values  of  the  reflection  coefficient  with  an 
imiffoved  accuracy  as  compared  to  the  results  obtained  by  the 
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FFT  of  the  windowed  data  Thus,  a  combination  of  the 
ARMA-model-based  ^proach  and  the  extended  Prony’s 
method  might  be  used  effectively  in  estimating  the  location 
of  the  targets  and  their  reflection  coefficients.  We  are  in  the 
process  of  applying  the  model-based  techniques  to  the 
measured  data  for  charactermng  the  ice  type. 
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Table  I :  Comparisons  of  the  Estimated  Values  Between  the  FFT-based  and  the  Model-based  Approaches 


SNR 

indB 

Estimated  Target  Location 
(Actual  Location  =  4.0  m) 

ILM.S.  Error  in  Estimating  Reflection 
Coefficient  (using  5  samples) 

IFFT-based  (m) 

ARMA-model- 
based  (m) 

FFT-based 

EFDPM-based 

oc 

4.0031 

3.9998 

0.1005 

0.0052 

40 

4.0031 

3.9998 

0.1130 

0.0098 

30 

4.0031 

4.0001 

0.1176 

0.0376 

20 

4.0031 

4.0006 

0.1176 

0.0847 

10 

4.0031 

3.9992 

0.1268 

0.0991 

0 

4.0031 

3.9989 

0.1308 

0.1122 

Table  H:  Error  in  Estimating  Target  Locations  Using  ARMA  model  (Targets  are  located  at  4.0  m  and  4.05  m) 


No.  of  Samples 
used(N) 

Resolution 
From  IFFT  (m) 

Distances  Estimated  by  ARMA 
model  (m) 

Errors  in  Distance  Estimation  {%) 

Rrst  Target 

Second  Target 

First  Target 

Second  Target 

1600 

0.0094 

3.9997 

4.0503 

0.01 

0.01 

800 

0.0187 

3.9984 

4.0514 

0.04 

0.03 

400 

0.0375 

3.9950 

4.0553 

0.13 

0.13 

200 

0.0750 

3.9868 

4.0675 

0.33 

0.43 

100 

0.1500 

3.9856 

4.1757 

0.36 

3.10 

Fig.l.  Original  and  estimated  reflection  Fig. 2.  Original  and  estimated  reflection 

coefficient  of  a  target.  coefficient  of  the  first  target. 
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ABSTRACT 

A  hierarchical  stochastic  modeling  approach  has  been 
developed  to  provide  a  general  methodology  for  landscape 
simulation  based  on  information  from  multispectral  imagery. 
The  model  is  based  on  a  mutiresolution  representation 
whereby  a  Markov  random  field  is  employed  to  model  the 
region  process,  a  fuzzy  approach  integrated  with  a  pyramid 
data  structure  is  used  to  deal  with  boundary  variation,  and 
natural  variability  and  noise  contamination  within  scene  are 
modeled  using  class  dependent  statistical  models.  The  new 
simulation  model  is  being  utilized  in  conjunction  with 
Landsat  TM  imagery  to  provide  initial  conditions  for 
multitemporal  simulations  of  habitat  in  western  Australia. 

INTRODUCTION 

Recent  advances  in  computing  and  remote  sensing 
technology  have  made  it  possible  to  develop  a  new  class  of 
dynamic  spatial  landscape  models  which  are  formulated  to 
describe  real  phenomenon  and  represent  the  temporal 
evolution  of  landscape.  Natural  landscapes  are  very 
heterogeneous  and  require  more  complex  representations  than 
the  simple  probabilistic  model  with  p%  susceptible  elements 
provides  [1].  However,  there  have  been  few  studies  for  this 
problem. 

A  model-based  simulation  which  properly  represents 
stochastic  properties  of  observed  scenes  is  required  in  order  for 
simulated  images  to  be  utilized  for  evaluation  and  validation 
of  multitemporal  biological  models.  Remotely  sensed 
imagery  from  satellites  is  ideal  for  developing  these 
simulation  models  because  it  provides  simultaneously 
acquired  measurements  of  the  characteristics  of  a  large  area  and 
contains  various  levels  of  information. 

Landscape  observed  in  remotely  sensed  imagery  often 
exhibits  characteristic  patch  mosaic  structures  at  large  scale 
and  class  dependent  variability  within  each  region  at  detailed 
scale.  Thus,  a  hierarchical  model  is  appropriate  to  describe 
such  compound  stochastic  properties  [2].  A  Markov  random 
field  (MRF)  model  is  employed  herein  to  represent  the  region 
process  as  a  large  scale  characteristic  emphasizing  spatial 
continuity.  Boundary  variation  between  adjacent  regions  is 
represented  using  a  fuzzy  approach.  At  the  lower  level  of  the 
hierarchy,  Gaussian  distribution  is  assumed  to  model  the 
natural  variability  of  each  region,  where  a  multiresolution 


This  work  was  supported  by  the  National  Science  Foundation 
and  the  National  Aeronautics  and  Space  Administration  (Grant 
DEB-9119883,  NAGW  2815,  NAGW  3743) 


data  structure  is  integrated  with  the  fuzzy  approach  for 
modeling  boundary  variation. 

REGION  SIMULATION  MODEL 

The  Gibbs  distribution  of  the  form 

P(X  =  ft))  =  —  (1) 

Z 

is  employed  for  modeling  the  scene  as  a  random  field  of 
discrete  values  corresponding  to  class  values,  generating  a 
class  map  statistically  similar  to  that  of  an  observed  scene. 

For  the  simulation  results  presented  in  this  study,  the 
second  order  pairwise  interaction  model,  which  involves  only 
single  cliques  and  cliques  of  size  2  is  utilized.  It  is  assumed 
that  the  random  field  is  nonhomogeneous  in  the  sense  that 
each  class  has  different  parameters  in  the  clique  function  to 
account  for  different  sizes,  shapes,  and  orientation  of  regions. 

The  clique  functions  are  defined  as  follows: 

(m)  =  if  in  c  is  /:  (2) 

l^Pciir  k  equal  to  k 

i  and  c  is  "dir"  type  clique  (3) 

[  Pdir,k  Otherwise 

where  parameters  assigned  to  each  clique  type  are  defined  as 

m  Phor.k  B  ^yer,k  [f  Pnc.k  T] 

The  resulting  (G+4*G)  parameters  are  estimated  from  an 
observed  scene,  where  G  ,  the  number  of  classes  in  the  scene, 
is  often  quite  large.  The  Least  Square  Error  Method  (LSQR) 
proposed  by  Derin  &  Elliot  [2]  is  used  since  its 
implementation  is  relatively  easy,  and  remotely  sensed 
images  are  generally  large  enough  to  satisfy  the  size 
requirement  for  accurate  results. 

BOUNDARY  VARIATION  PROCESS 

The  boundaries  between  adjacent  regions  in  remotely  sensed 
data  are  often  not  clearly  observable,  and  pixels  at  or  near  the 
boundary  are  frequently  mixtures  of  classes.  A  fuzzy 
approach  is  intrinsically  suited  to  dealing  with  mixed, 
spectrally  undefined  cases  [3]. 

Interior  regions  are  considered  to  be  homogeneous  in  the 
proposed  model  and  have  their  own  statistical  features,  so  it  is 
not  necessary  to  process  all  the  pixels  at  full  resolution  to 
identify  areas  near  the  boundaries.  Identifying  homogenous 
interior  regions  without  searching  all  the  pixels  and  rather 
concentrating  on  areas  adjacent  to  boundaries  can  greatly 
reduce  the  number  of  operations  and  computational  cost.  The 
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multilevel  approach  is  one  means  of  efficiently  implementing 
this  idea.  Variation  around  boundaries  can  also  be  smoothed 
naturally  using  this  pyramid  structure. 

A  pixel  at  site  (ij)  has  additional  information  vector 
where  is  the  grade  of  the  membership  of 
the  pixel  (iJ)  to  Class  k  and 

G-l 

=1- 

A:=0 

The  extent  of  variation  around  boundaries  can  be  reduced 
suddenly  or  gradually  as  it  approaches  the  interior  of  the 
region  which  often  belongs  to  a  pure  class  type. 
Accordingly,  a  statistical  model  which  includes  fuzzy  classes 
and  pure  classes  is  appropriate.  For  this  purpose,  define  an 
auxiliary  random  variable,  T/j  at  a  site  {iJ)  which  takes 
values  in  {F,F},  Class  F  is  assigned  to  the  pixels  around  the 
boundaries  and  Class  P  to  the  interior  pixels  of  each  region 
with  the  objective  that  variation  is  smoothed  out  toward 
inside  of  region. 

If  Yi  j=P,  a  pixel  (iJ)  is  of  pure  cover  class  while  if 
the  pixel  is  associated  with  the  additional  information 
vectors  including  class  components  of  the  mixture  and  the 
proportion  with  which  pixel  (iJ)  belongs  to  each  component. 
The  pyramid  of  the  above  information  is  constructed  as 
follows: 


Level  0.  At  the  full  resolution,  each  pixel  (iJ)  of  a 
simulated  image  has  its  own  class  value  and  Yij-P,  except 
for  pixels  adjoining  pixels  of  different  class  types,  where 
and  the  class  mixture  type  and  the  proportion  of  each 
mixture  component  within  a  pixel  {iJ)  is  selected  considering 
spatial  interaction  of  the  first  neighborhood  in  terms  of  the 
magnitude  of  the  local  gradient.  For  example,  suppose  that  a 
pixel  (z  j)  of  class  cover  k  adjoins  pixel(s)  of  class  cover  c. 
First,  decide  ^  density  function, 

f(7t(ij)c)  of  the  following  form  is  chosen: 

r  ^ 


f(x)  =  X 


Xc,V,-a 


X  b 


(4) 


V/eM  ; 

where  V  is  a  simple  difference  operator  and  c  is  a  coefficient 
which  is  a  function  of  the  difference.  Using  the  first  order 
neighbors,  V  is  calculated  as 

Vyy  =  ~  ^{ij)c  (5) 

The  directional  coefficient  is  chosen  as 


c,=4llV,ll) 


(6) 


There  are  many  possible  choices  for  g(  V )  depending  on  the 
extent  of  smoothness  between  two  adjacent  regions.  In  this 
study,  a  nonnegative  monotonically  decreasing  function. 


g(ll  VII)  =  exp 


niviiy 

\  k  J 


(7) 


is  utilized,  where  77  is  a  scale  parameter  to  control  the  effect 
of  nearest  neighbor  difference,  V . 

In  (4),  X  is  the  shape  parameter  controlling  the  rate  of 
smoothing  and  b  is  normalizing  constant  to  make  f(x)  a 
probability  density  function.  a=2g(l)  is  used  so  that  the 
density  function  has  a  strong  mode  in  1  when  all  differences 
are  close  to  1,  and  it  has  a  strong  mode  in  0  when  all 
differences  are  close  to  0.  Finally,  the  proportion  of  each 
class  at  a  fuzzy  pixel  which  has  at  least  one  neighbor  of 
different  class  cover  type  is  determined  using  this  density 
function. 


At  level  /.  With  each  ascending  level  in  the  pyramid,  the 
size  is  halved  in  each  dimension.  A  node  on  level  /  (/  >0)  is 
linked  to  nodes  on  level  /  -1  (sons)  and  a  node  on  level  /  +1 
(father).  For  each  node,  the  following  information  is 
maintained : 

(1)  hj.i  to  represent  homogeneity  of  a  node  (iJJ  ) 

(2)  MCL{iJJ  )  to  represent  class  components  within 
a  node  (iJJ ) 

(3)  n(ij,l )  to  represent  the  proportion  of  each  class 
component 

First,  initialize  the  node  values,  FlilJJ ),  by  simple  non¬ 
overlapping  block  average  of  2x2  son  nodes  of  the  next  lower 
level,  /  -1, 


(2i-s,2 


(8) 


Then,  from  the  top,  n{iJJ )  is  updated  by  considering  the 
node  values  of  four  fathers  whose  positions  are  closest  to  its 
own.  The  updated  n(ijjy  is  defined  as  follows: 

n(i,  j  jy  =  n(i,  j  J)  +  s  (9) 

where  5  is  a  vector  which  includes  adjusted  values  for  the 
proportion  of  each  mixture  component.  That  is,  S  represents 
new  informaion  or  detail  added  after  consideration  of  the 
higher  order  neighbors,  because  neighbor  relationship  at  the 
lower  resolutions  implies  the  higher  order  neighborhood 
relationship  at  the  higher  resolutions.  S  is  also  a  function  of 
the  V's  as  in  (4).  It  is  proposed  that  S  be  obtained  by 
weighted  average  of  differences  between  n{iJJ)  and  those  of 
its  four  nearest  fathers.  With  this  idea,  for  Class  c  is 
calculated  as 


3 

(10) 

/=0 

where  the  values  of  for  the  difference  a  node  (iJJ)  and  the 
zth  father  in  Class  c  are  calculated  similarly  to  (5).  The 
values  of  the  c’s  are  weights  which  control  the  effect  of  the 
differences  and  obtained  as 


^  _  g(V,) 

'  IsiVj) 


(11) 


j 

where  V,-  is  the  total  magnitude  of  the  differences  from  the 
zth  father,  and  the  function  g  is  the  same  as  (7).  The  value 
7],  a  free  parameter  of  g,  is  used  to  vary  the  effect  of  the 
differences.  A/  controls  the  rate  of  smoothing  and  is  a 
function  of  the  level  of  the  pyramid. 
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The  top  level  controls  the  size  of  variation  areas  around 
boundaries.  Thus,  a  choice  of  the  higher  top  level  means  that 
spatial  interaction  between  a  given  pixel  and  its  higher  order 
neighbors  is  considered  in  boundary  variation.  Therefore,  a 
new  class  mixture  component  can  be  introduced  with  smaller 
proportion  at  the  lower  resolutions  of  the  pyramid  tor  a 
different  class  type  distant  from  a  given  pixel. 

GENERATION  OF  THE  STATISTICAL 
FEATURES  OF  EACH  REGION 

The  advantage  of  the  pyramid  structure  is  that  at  the  higher 
level,  homogeneous  interior  regions  are  separated  from 
boundary  areas,  and  all  the  pixels  below  these  homogeneous 
areas  in  the  pyramid  are  considered  to  be  pure.  Then,  for 
these  identified  homogeneous  nodes,  instead  of  considering 
any  boundary  variation,  the  features  of  each  region  type  are 
simulated  at  all  the  corresponding  pixels  of  the  bottom  level. 
Computational  cost  is  thus  reduced,  and  at  the  lower  level, 
the  boundary  regions  are  emphasized  by  updating  the  value 
tt’s,  where  additional  interior  areas  and  boundary  areas  are 
identified,  and,  similarly,  values  are  simulated  at  the  bottom 
level  for  these  additional  interior  areas.  This  process  is 
repeated  at  successively  lower  levels  of  the  pyramid,  and 
mixture  features  are  generated  at  the  full  resolution. 

Since  lower  levels  have  higher  spatial  resolution 
information,  higher  order  neighbors  are  considered  at  lower 
levels  of  the  pyramid  to  identify  an  additional  homogenous 
node.  Here,  it  is  suggested  that  A2  be  considered  at  the  top 
level  and  A2,  N4,  neighborhoods  be  searched  at 

successively  lower  levels. 

The  feature  random  field  is  not  directly  observed;  rather  a 
set  of  observations  are  noisy  random  field.  A  wide  range  of 
models  has  been  developed  to  represent  these  phenomena  in 
imagery  The  results  reported  in  this  paper  assume  simple 
model  whereby  natural  variability  within  each  region  is 
assumed  to  be  a  sum  of  two  independent  processes,  one  being 
class  dependent,  the  other  being  a  noise  process.  This  process 
is  superimposed  on  the  simulated  class  map  including 
boundary  variation  between  adjacent  regions,  generating  the 
real  images. 

RESULTS 

A  realization  of  256x256  scene  derived  using  the  Gibbs 
Sampler  are  presented  in  Fig.  1(a)  as  a  possible  stochastic 
scene  at  a  coarse  scale.  The  performance  of  the  algorithm  is 
evaluated  visually  as  well  as  by  comparison  of  estimated 
parameters  to  original  parameters  in  Fig.  1(b)  and  Table  1.  It 
should  be  noted  that  both  the  absolute  and  relative  magnitudes 
of  the  parameters  affect  generated  images.  Fig  2  illustrates 
the  variation  area  and  the  extent  of  the  variation  around 
boundaries  which  represent  class  mixture  or  intermediate 
conditions  possibly  occurring  between  adjacent  regions.  In 
Fig.  2(c),  the  grade  of  the  membership  of  each  class  between 
0  and  1  is  represented  in  gray  scale. 


(a)  image  with  specified  values  (b)  image  with  estimated  values 
Fig.  1  Comparison  of  256x256  images  generated  with 
specified  and  estimated  parameters  (Table  1) 


Table  1  Estimated  parameters 

Phor  Pver  Pne  Pnw 


Fig.  1  (a)  class  1 

0.70 

0.70 

0.70 

0.70 

class  2 

0.70 

0.70 

-0.70 

0.70 

class  3 

0.70 

0.70 

0.70 

0.70 

(b)  class  1 

0.51 

0.54 

0.50 

0.71 

estimated  class  2 

0.71 

0.72 

-0.32 

0.52 

class  3 

0.37 

0.18 

0.60 

0.54 

Fig.  2  Example  of  boundary  variation  in  an  128x128  image: 
(a)  three-class  scene  (b)  boundary  variation  area  determined 
from  Level  3  (c)  extent  of  the  variation  of  each  class 
represented  in  gray  scale  in  (b) 
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Abstract  -  SEIDAM  (System  of  Experts  for 
Intelligent  Data  Management)  intelligently  fuses 
and  analyzes  remotely  sensed  data,  such  as  from 
NASA’s  AIRSAR.  Software  agents  assist  the 
users  in  processing  by  providing  the  necessary 
information  to  successfully  complete  the 
sequence  of  tasks.  These  tasks  include 
calibration,  topographic  corrections,  and 
geocoding  of  AIRSAR  data.  The  resulting 
geocoded  imagery  is  subjected  to  image 
processing  algorithms  fused  with  GIS  data  in 
order  to  extract  information  on  the  biophysical 
parameters  of  forest  objects.  In  this  paper,  the 
use  of  AIRSAR  data  for  the  estimation  of 
biomass  from  P-band  SAR  for  a  test  site  on 
Vancouver  Island  is  discussed,  as  well  as  the 
retrieving  and  adapting  of  plans  for  intelligently 
solving  queries  requiring  radar  data. 

1.  INTRODUCTION 

As  part  of  NASA’s  Applied  Information  Systems 
Research  Program,  a  project  is  being  conducted  to 
create  an  intelligent  system,  SEIDAM  [1],  which 
manages  and  fuses  remote  sensing  data  from 
aircraft  and  satellites  with  multiple  geographic 
information  systems  (GIS)  in  order  to  respond  to 
queries  about  forests  and  the  environment. 
SEIDAM  integrates  several  key  technologies: 
image  analysis  for  remote  sensing  data, 
geographical  information  systems  (both  vector  and 
raster  based),  artificial  intelligence  (AI),  modeling 
(growth  and  yield)  and  multi-media/visualization. 
User  queries  range  from  simple  relational  database 
queries  to  complex  queries  such  as  the  update  of 
digital  forest  cover  GIS  files.  This  second  type  of 
query  requires  SEIDAM  to  automatically  perform 
image  analysis  tasks  to  extract  surface  features 
necessary  to  update  the  digital  maps.  One  of  the 
needed  attributes  is  a  measurement  of  timber 
volume. 

Canada’s  most  important  renewable  resource  is  the 
forest.  Canada  has  56%  of  the  global  share  of 
newsprint  exports,  and  32%  of  the  global  exports  of 
pulp.  The  province  of  British  Columbia  contains 
more  than  40  %  of  the  country’s  marketable  timber. 

The  management  of  a  vital  resource  such  as 
forestry  is  a  complex  task  requiring  the  integration 


of  many  data  sets  and  data  sources.  Expert  systems 
can  be  used  for  automating  data  integration,  image 
interpretation,  and  determining  the  changes  in 
various  environmental  parameters  over  time. 

In  this  paper,  we  present  some  results  pertaining  to 
the  computation  of  biomass  using  multi-temporal 
radar  data  acquired  during  the  SEIDAM  field 
programs  in  1993  and  1994.  We  also  suggest  how 
calibrated  SAR  data  may  be  fused  with  GIS  data 
for  use  in  the  context  of  SEIDAM’ s  expert  systems 
for  answering  user  queries  intelligently. 

A  brief  overview  of  the  SEIDAM  components  is 
presented  in  the  next  section,  followed  by  a 
discussion  of  observations  made  from  SEIDAM 
AIRSAR  data  acquired  in  1993  and  1994. 

II.  SEIDAM:  THE  SYSTEM 

As  figure  1  [2]  shows,  there  are  several 
components  to  SEIDAM:  the  main  expert  system, 
the  reasoning  system,  the  Smart  Access  software 
agents,  the  remote  sensing  software  agents,  the  GIS 
software  agents,  the  image  and  GIS  metadata 
database,  the  image  and  GIS  data  recorded  on  a 
robotic  mass  data  storage  device,  the  SEIDAM 
knowledge  base,  and  the  reasoning  system’s  case- 
base. 

The  SEIDAM  expert  system  is  the  task  master  for 
the  whole  system.  It  has  three  main  functions: 
interact  with  the  user  in  order  to  determine  the  type 
of  information  the  user  needs  (e.g.  digital  maps, 
tabular  summaries,  etc.),  activate  the  Smart  Access 
software  agents  in  order  to  make  all  information 
relating  to  the  user  needs  available  to  the  reasoning 
system,  and  activate  the  reasoning  system. 

The  interaction  with  the  user  is  accomplished  via  a 
windows  based  graphical  user  interface  (GUI). 
The  user  selects  the  type  of  products  or  functions 
that  will  answer  his  or  her  needs  and  then  selects  a 
set  of  1:20000  TRIM  digital  maps  that  cover  the 
area  of  interest. 

SEIDAM  will  then  activate  the  Smart  Access  [2] 
software  agents.  These  agents  will  submit  SQL 
queries  to  a  relational  database  management 
system.  The  queries  are  made  to  extract 
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information  from  a  remote  sensing  and  GIS 
metadata  database.  This  information  describes 
ownership,  source,  location,  distribution  privileges, 
processing  history  and  other  ancillary  information 
relating  to  the  radar  and  GIS  data  available  for 
SEIDAM.  The  GIS  metadata  database  complies 
with  the  US  Federal  Geographic  Data  Committee’s 
standard.  Smart  Access  produces  tabular  reports 
identifying  the  available  and  necessary  data  that 
will  satisfy  the  user’s  needs. 


Figure  1  -  SEIDAM  (after  [2]) 

Once  the  Smart  Access  software  agents  have 
completed  their  tasks,  SEIDAM  calls  on  the 
PALERMO  reasoning  system.  PALERMO  [8]  is  a 
case-based  reasoning  system  that  uses  STRIPS  [9] 
planning  operators  to  elaborate  plans.  For 
SEIDAM,  these  plans  correspond  to  the  sequence 
of  processing  tasks  (image  analysis  and  GIS  tasks) 
that  must  be  carried  out  on  the  remote  sensing  and 
GIS  data  to  answer  user  queries.  Once  PALERMO 
has  formulated  a  plan,  it  will  attempt  to  execute  it 
by  activating  the  image  and  GIS  software  agents. 

The  image  analysis  agents  and  GIS  agents  perform 
two  roles:  they  run  off  the  shelf  software  (e.g.  PCI 
or  ENVI  image  analysis,  ESRI  Arc/Ingres  GIS, 
etc.)  to  perform  low  granularity  tasks  such  as 
creating  digital  elevation  models  (DEMs);  they  also 
create  STRIPS  descriptions  of  the  tasks  they 
perform  and  send  them  to  the  PALERMO 
reasoning  system,  thus  enabling  PALERMO  to 
create  plans. 

There  are  approximately  40  remote  sensing  and 
GIS  software  agents  which  perform  such 
specialized  tasks  as:  copying  files,  translating  data 
between  image  file  formats  and  GIS  file  formats, 
creating  digital  elevation  models  from  point 
elevation  data,  moving  amongst  various  GIS  file 
formats;  applying  topographic  relief  correction 
algorithms  to  remote  sensing  imagery,  computing 
biomass  from  AIRSAR  measurements,  etc. 


m.  AIRSAR  DATA  PREPARATION  AND 
ANALYSIS 

During  the  SEIDAM  field  programs  of  1993  and 
1994,  NASA  acquired  system  multi-frequency  and 
multi-polarization  AIRSAR  data  over  the  SEIDAM 
test  sites.  Data  were  acquired  in  both  years  over 
two  test  sites  on  Vancouver  Island,  the  Greater 
Victoria  Watershed  District  (GVWD)  and 
Clayoquot  Sound. 

The  GVWD  test  site  is  the  primary  SEIDAM  test 
site.  Over  90  percent  of  the  trees  found  there  are 
Douglas  Fir.  The  average  elevation  of  this  test  site 
is  about  400  meters  above  sea  level,  with  slopes  as 
great  as  22  degrees  for  some  of  the  10  plots.  The 
younger  stands  are  managed,  but  the  old  growth 
forest  in  this  test  site  is  largely  unmanaged.  The 
GVWD  test  site  contains  some  of  the  oldest  stands 
of  Douglas  Fir  in  the  southern  half  of  Vancouver 
Island.  Studies  in  the  GVWD  test  site  conducted 
by  the  Canadian  Forest  Service  have  shown  that 
trees  having  a  diameter  at  breast  height  (dbh)  of 
over  30  centimeters  will  seldom  grow  more  than 
one  millimeter  per  year  in  dbh  [3].  Annual  volume 
increments  per  hectare  in  Douglas  Fir  under  the 
environmental  conditions  present  at  the  GVWD 
range  from  10  percent  of  standing  volume  at  age  24 
years,  to  about  5  percent  by  age  40,  declining  to 
near  zero  in  older  stands  [3].  Based  on  this 
information,  it  was  assumed  that  the  change  in 
biomass  at  each  of  the  plots  was  negligible  over  the 
two  years.  Radar  data  were  available  for  eight  of 
the  ten  plots  in  the  GVWD  test  site.  The  biomass 
values  for  these  plots  were  calculated  using 
relationships  derived  from  several  years  of  ongoing 
studies  conducted  by  the  Canadian  Forest  Service 
in  the  GVWD  area  [4]. 

In  order  to  assist  with  the  calibration  of  AIRSAR 
data,  trihedral  corner  reflectors  were  deployed  in 
the  GVWD  test  site  in  both  1993  and  1994. 
POLCAL  [5]  was  used  to  check  the  radiometric 
fidelity  of  the  AIRSAR  data.  Target  analysis  of  the 
corner  reflector  signal  returns  using  POLCAL 
indicated  that  the  AIRSAR  HHWV  ratios  and  HH 
and  VV  phase  differences  were  within  5  percent  of 
expected  values, 

DEMs  were  extracted  from  1:20000  scale 
topographic  GIS  data  for  the  GVWD,  (which  exists 
as  ungeneralized  digital  elevation  points).  The 
DEMs  were  registered  to  slant-range  AIRSAR  data 
and  topographic  calibration  was  carried  out  using 
POLCAL. 

Figure  2  indicates  the  behavior  of  the  normalized 
backscattering  coefficient  (C7^)  from  AIRSAR  data 
for  the  years  1993  and  1994,  as  a  function  of 
biomass  for  P-band.  The  curves  agree  with  each 
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other  to  within  3  db  (worst  case).  We  have 
observed  similar  behavior  observed  for  c\y  and 
In  the  absence  of  a  greater  number  of 
points,  it  is  not  possible  to  reproduce  the  complex 
regression  equations  given  by  various  sources  (e.g. 
[6],  [7])  relating  biomass  to  the  backscattering 
coefficients  of  HH,  HV,  their  squares,  and  their 
differences.  However,  we  were  able  to  determine  a 
simpler  relationship  between  and  biomass 

for  our  data.  The  results  were: 

a"HH  =  2.71 1  log  (B)  -  13.086  for  1993  data  (r^  = 
0.702), 

ct'hH  =  2.960  log  (B)  -  1 1.892  for  1994  data  (r^  = 
0.676). 

Sigma  HH  (P-Band)  vs  Biomass 


SIG  HH  =  2.71  ILOG(B)  -  13.086  r2  =  0.702 

SIG  HH  =  2.960LOG(B)  -  1 1 .892  =  0.676 

-----  Computed  sigma  HH 


Figure  2  -Backscattering  coefficient  for  P-band, 
HH  polarization,  as  a  function  of 
biomass  (B)  in  metric  tons  per  hectare. 
The  solid  line  show  the  relationship  for 
1993  and  the  dash-dot  line  the 
relationship  for  1994  acquisition.  The 
dashed  curve  is  a  relationship  taken 
from  [6]. 

The  conditions  for  1993  and  1994  differed  in  the 
amount  of  moisture  in  the  ground.  The  earlier  year 
was  wetter  than  1994.  The  considerable  scatter  in 
the  measurements  weakens  the  utility  of  AIRSAR 
for  operational  timber  volume  estimation  at  this 
time.  In  fact,  when  we  invert  these  equations  to 
predict  biomass,  the  estimates  have  too  much 
scatter.  We  are  adding  additional  plots  to  the 
regression  in  order  to  elucidate  other  factors  and  to 
build  confidence  in  biomass  estimation  from  P- 
band  SAR. 


IV.  AIRSAR  EXPERT  SYSTEMS 

The  process  of  using  AIRSAR  data  towards  the 
goal  of  determining  forest  biomass  within 
SEIDAM  may  be  conceptualized  as  per  reference 
[2].  A  user  initiates  the  process  of  performing 
forest  inventory  determination  using  the  SEIDAM 
expert  system.  Digital  maps  are  selected  by  the 
user  corresponding  to  the  area  of  interest.  Smart 
Access  software  agents  are  started  which  use  the 
relational  DBMS  where  the  GIS  and  remotely 
sensed  (AIRSAR)  data  reside.  SQL  queries  are 
submitted  which  identify  the  appropriate  GIS  and 
AIRSAR  data  as  well  as  the  level  to  which  these 
data  have  been  processed.  These  meta  data  are 
then  transferred  to  the  knowledge  base. 

The  SEIDAM  case-based  reasoning  system  is  then 
activated  with  a  goal  of  determining  forest  biomass 
within  the  selected  digital  maps.  The  STRIPS 
planning  operator  description  is  acquired  by  the 
reasoning  system  from  each  of  the  GIS  and 
AIRSAR  agents  in  order  to  determine  if  a  similar 
case  has  been  solved  before.  If  a  similar  case  is 
found,  then  it  is  modified  to  account  for  the 
differences  between  it  and  the  current  user  goal.  If 
a  similar  case  is  not  found,  then  the  reasoning 
system  uses  goal  regression  to  determine  a  solution 
to  the  problem.  Such  a  solution  would  consist  of 
an  ordered  list  of  processing  tasks  which  must  be 
executed  in  the  appropriate  sequence  to  determine 
forest  biomass,  with  each  processing  task 
corresponding  to  a  single  GIS  or  AIRSAR  software 
agent.  As  each  of  these  tasks  is  executed  in  the 
correct  order,  the  contents  of  SEIDAM’ s 
knowledge  base  are  modified  by  augmenting  or 
deleting  information.  A  successful  execution 
means  that  the  information  added  or  deleted  from 
the  knowledge  base  should  agree  with  the  STRIPS 
planning  operator  provided  by  each  software  agent. 
This  enables  the  reasoning  system  to  ensure  that 
the  processing  carried  out  by  each  agent  is 
successful  prior  to  the  next  agent  being  activated. 

For  the  determination  of  the  forest  biomass  using 
AIRSAR  data  and  fusion  of  the  same  with  other 
data  sources,  a  solution  may  be  formulated  as 
follows: 

•  copy  Julies  Jo  _working_directory:  this  agent 
will  copy  GIS  and  AIRSAR  files  from  the  mass 
storage  system  to  a  cache  disk  for  processing. 

•  trimJo_dem\  this  agent  would  create  a  point 
elevation  file  readable  by  Arc/Info  from  TRIM 
data. 

•  create  Jin:  a  DEM  would  be  created  by  this 
agent  from  triangulated  irregular  network 
created  using  the  point  elevation  file  from  the 
previous  task.  The  output  is  written  in  a  generic 
file  format. 
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•  create_dem_sr:  the  DEM  from  the  previous 
task  would  be  registered  by  the  user  to  a  slant 
range  configuration  appropriate  to  the 
NASA/JPL  AIRSAR  data  for  topographic 
calibration. 

•  cal_AIRSAR:  calibrate  AIRSAR  data  using 
corner  reflector  returns  or  homogenous  targets. 

•  topojcorn  the  POLCAL  software  package 
would  be  used  to  carry  out  the  topographic 
correction  to  the  AIRSAR  data  in  the 
compressed  Stokes  Matrix  format  using  the 
slant-range  DEM  from  the  previous  task. 

•  create  _AIRSAR_image\  topographically 
corrected  AIRSAR  images  would  be 
synthesized  using  RSI  ENVL 

•  SRjtojGR:  RSI  ENVI  would  be  used  to  make 
slant  range  to  ground  range  correction  of 
AIRSAR  images. 

•  relief jcorrection:  AIRSAR  images  would  be 
corrected  for  relief  effects  using  RIASSA,  an 
in-house  image  analysis  package. 

•  set_georeference:  AIRSAR  data  would  be 
georeferenced  in  anticipation  of  fusion  with 
data  from  other  sensors,  such  as  TM,  AVIRIS, 
etc. 

•  calculate-biomass:  having  derived  the 
regression  coefficients  from  previous 
experiments,  biomass  would  be  calculated  as 
per  the  results  described  above.  Other  estimates 
would  be  generated  based  on  other  authors, 
such  as  [6],  and  [7]. 

•  update jGIS_attributes:  the  attribute  parameters 
for  the  forest  cover  GIS  file  would  be  updated 
to  reflect  the  new  estimate  of  timber  volume. 

V.  CONCLUSIONS 

We  have  presented  observations  made  from 
AIRSAR  data  acquired  over  the  SEIDAM  test  site 
of  the  Greater  Victoria  Watershed  District  in  1993 
and  1994.  A  relationship  has  been  derived  for 
estimating  biomass  from  P-band  SAR.  However, 
more  calibration  of  this  relationship  is  required. 
The  sequence  of  expert  systems  for  processing 
AIRSAR  data  has  been  outlined.  This  sequence 
has  been  partially  implemented  and  will  be 
completed  once  we  are  satisfied  that  the  biomass 
estimation  procedure  is  robust. 
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Abstract  —  The  CARABAS  SAR  has  proven  to  be  a 
significant  contribution  in  the  field  of  low  frequency  radar 
imaging.  The  wavelengths  used  have  a  potential  of 
penetration  below  the  upper  scattering  layer,  in  combination 
with  high  spatial  resolution.  The  first  prototype  of  the 
system  has  been  tested  in  environments  ranging  from  rain 
forests  to  deserts,  collecting  a  considerable  amount  of  data 
often  in  parallel  with  other  SAR  sensors.  The  work  on  data 
analysis  proceeds  eind  results  obtained  so  far  seem  promising, 
especially  for  applications  in  forested  regions.  The 
experiences  gained  are  used  in  the  development  of  a  new 
upgraded  system,  scheduled  for  initial  airborne  tests  in  1996. 

INTRODUCTION 

There  is  an  increasing  interest  in  imaging  radar  systems 
operating  at  low  frequencies.  Examples  of  civilian  and 
military  applications  are  detection  of  stealth-designed  man¬ 
made  objects,  targets  hidden  under  foliage,  biomass 
estimation,  and  penetration  into  glaciers  or  ground. 

Measurements  with  the  first  generation  of  the  CARABAS 
SAR  sensor  started  in  1992.  The  system  operates  at  HH- 
polarization  between  20-90  MHz,  which  is  implemented  by  a 
stepped  frequency  waveform  [1].  Two  wide  band  dipoles  are 
trailed  behind  the  aircraft,  cf.  Fig  1.  The  radar  alternates 
between  the  two  sack  antennas  in  a  ping-pong  fashion  to 
separate  backscattered  signals  from  the  two  sides  of  the 
aircraft. 

This  paper  will  give  an  overview  of  data  collected  with  the 
current  radar  system,  including  some  results  for  forested 
regions.  The  achieved  system  performance  will  be  discussed, 
with  a  presentation  of  the  major  modifications  made  in  the 
new  system  under  development,  CARABAS  II. 

DATA  COLLECTION 

Six  different  test  sites  have  been  investigated  with 
CARABAS  I  in  extensive  field  campaigns,  see  Table  1.  The 
main  objective  of  imaging  forested  areas  has  been  to  measure 
the  two-way  attenuation  and  the  average  backscatter  level 
from  the  forest  [2,  3].  For  the  sea  ice  and  the  desert  area  the 
potential  of  penetration  using  low  frequencies  has  been  in 
focus  for  the  activities  [4,  5],  All  experiment  areas  have  been 
imaged  with  at  least  one  additional  SAR  sensor  for 
comparison,  on  another  occasion  or  during  the  same  day  as 
CARABAS.  This  includes  the  SRI  International  FOLPEN  II 
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radar,  the  NASA/JPL  AIRSAR  and  the  European  radar 
satellite  ERS-1.  A  considerable  part  of  the  work  has  been 
conducted  together  with  MIT  Lincoln  Laboratory,  under  the 
sponsorship  of  ARP  A. 


Table  1.  Major  field  campaigns  with  CARABAS  I,  including 
existence  of  differential  GPS  data  for  motion  compensation. 


Test  site 

Environment 

Time  of  year 

Differential 

GPS 

Ottenbyluncl,  Sweden 

Deciduous  forest 

October  1992 

No 

Siljansfors,  Sweden 

Coniferous  forest 

October  1992 

No 

Fort  Sherman,  Panama 

Rain  forest 

May  1993 

No 

Yuma,  AZ,  USA 

Desert 

June  1993 

Yes 

Portage,  ME,  USA 

Mixed  forest 

September  1993 

Yes 

Bay  of  Bothnia,  Sweden 

Sea  ice 

March  1994 

Yes 

A  typical  field  experiment  lasts  one  week  and  consists  of  a 
number  of  flight  missions.  A  limited,  but  environmentally 
representative,  geographical  area  of  about  10-30  km"  is 
identified  and  imaged  at  different  days  and  for  each  flight  from 
different  look  directions  at  several  incidence  angles.  Collec¬ 
tion  of  ground  truth  data  is  carried  out  in  parallel,  to  acquire 
additional  information  for  later  use  in  the  image  evaluation. 
This  work  includes  measurements  of  important  ground 
parameters,  as  well  as  deployment  of  well-defined  reference 
targets,  man-made  objects  and  a  GPS  receiver  for  differential 
aircraft  positioning  measurements.  Fig.  2  illustrates  the 
cumbersome  deployment  of  VHF-sized  passive  reference 
reflectors  and  a  processed  image  from  the  same  test  site  is 
found  in  Fig.  3. 


Fig.  2.  A  4.9  m  trihedral  corner  reflector  set  up  at  Fort 
Sherman,  Panama,  and  obscured  by  dense  rain  forest  from  the 
radar  line-of-sight. 
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The  reference  targets  are  used  for  phase  calibration  across 
the  bandwidth,  for  radiometric  calibration  of  the  image  [6], 
and  for  comparison  of  the  radar  signature  from  an  obscured 
radar  reflector  with  the  response  from  one  found  in  the  open. 
An  active  reference  target  device  has  been  used  on  ground  at 
some  occasions  [7] . 

PERFORMANCE  EVALUATION 

The  large  relative  bandwidth  and  long  azimuth  integration 
time,  together  with  propagation  effects  such  as  penetration 
and  multi-path,  imply  a  somewhat  different  methodology  to 
evaluate  this  kind  of  radar. 

In  many  cases,  CARABAS  is  not  legally  able  to  transmit 
the  full  band  or,  alternatively,  strong  external  sources  may 
interfere  with  the  signal.  These  effects  put  operational 
limitations  from  time  to  time.  A  differential  GPS  system  for 
measurement  of  aircraft  positioning  data  was  not  available 
until  the  trials  in  the  Yuma  desert,  preventing  the  signal 
processing  to  take  full  advantage  of  the  available  Doppler 
bandwidth  in  the  first  field  campaigns.  In  addition  to  this,  the 
radar  system  is  Doppler  ambiguous  above  65  MHz  when  the 
full  bandwidth  is  transmitted.  This  can  mainly  be  explained 
from  capacity  limitations  in  the  recording  system  of  digitized 
radar  raw  data,  resulting  in  a  too  low  effective  PRF  when  the 
full  frequency  step  scheme,  with  adjacent  increments  of  only 
1.25  MHz,  must  be  repeated  for  both  left  and  right  antenna. 
The  effect  of  the  Doppler  signal  aliasing  increases  gradually 
from  65  MHz,  but  is  significantly  reduced  during  the  SAR 
processing  by  only  utilizing  non-aliased  bandwidths.  At  80 
MHz,  for  example,  about  62%  of  the  Doppler  bandwidth  is 
available  for  processing,  corresponding  to  an  aspect  angle 
interval  of  ±40°. 

Imperfections  in  the  antenna  system  performance  have 
been  revealed  by  analyzing  actual  CARABAS  I  radar  data. 
Two  major  characteristics  have  been  discovered,  namely  an 
effect  of  lobe  splitting  for  the  highest  frequencies,  and  a  very 
weak  radar  response  at  a  few  narrow  frequency  intervals. 

The  ultimate  resolution  of  an  ultra-wideband  and  wide- 
beam  SAR  system  is  of  wavelength  order.  Conventional 
(narrow-band  and  narrow-beam)  SAR  resolution  formulas  are 
not  applicable  since  the  impulse  response  is  not  separable  in 
image  coordinates.  The  spatial  resolution  must  thus  be 
defined  based  on  an  area  AA  measure  instead,  and  the 
following  formula  can  be  derived  [8] 

AA>-^—  (1) 

2Ai?  2B 

where  is  the  wavelength  corresponding  to  the  frequency 
at  the  centre  of  the  transmitted  bandwidth  R,  At?  is  the 
aperture  angle  spanning  the  synthetic  aperture,  and  c  is  the 
speed  of  light. 


Equation  (1)  gives  an  ultimate  resolution  area  for  the 
CARABAS  SAR  of  about  3  m^,  assuming  a  120°  aperture 
angle  and  transmitted  frequencies  between  20  and  90  MHz. 
The  actual  resolution  of  CARABAS  I  has  been  estimated 
using  4.9  m  size  trihedrals  deployed  in  Portage,  Maine.  The 
SAR  images  were  processed  using  20-80  MHz  and  100°  aper¬ 
ture  angle,  which  gives  a  theoretical  resolution  area  of  5  m^. 
Standard  processing,  with  differential  GPS  motion  compen¬ 
sation  and  autofocus,  gave  a  resolution  area  of  10  m^.  Non¬ 
standard  processing  using  an  inverse  filter  gave  the  expected 
theoretical  resolution  of  5  m^,  but  at  the  expense  of  severely 
degraded  integrated  side-lobe  ratio  (ISLR).  The  degradation  of 
the  actual  resolution  compared  to  the  theoretical  value  is 
mostly  due  to  the  variable  antenna  characteristics  across  the 
bandwidth. 

APPLICATIONS  IN  FORESTED  REGIONS 

Forest  SAR  data  from  Fort  Sherman,  Panama,  and 
Portage,  Maine,  have  been  examined  by  MIT  Lincoln 
Laboratory.  Statistical  distributions  for  the  two-way 
attenuation  and  foliage  backscatter  have  been  derived  by 
measurements  on  deployed  comer  reflectors  and  homogeneous 
forest  sections  at  the  same  incidence  angle  for  the  different 
sensors  [2,  3].  As  expected,  a  considerable  attenuation 
through  forest  was  found  for  microwaves,  whereas  the 
differences  between  UHF  and  VHF  is  not  decisive  for  an 
operational  system.  The  foliage  backscatter  will,  however, 
contribute  with  a  severe  competing  clutter  level  of  the  same 
magnitude  for  both  UHF  and  microwaves.  The  much  weaker 
clutter  level  observed  for  VHF  is  favourable  for  target 
detection  in  dense  vegetation.  The  very  long  synthetic 
aperture  for  VHF  systems,  in  conjunction  with  more 
moderate  fluctuations  of  the  radar  cross  section  (RCS)  with 
respect  to  aspect  angle,  emphasize  this  further  and  increase 
the  sectors  of  detectability  independently  of  the  actual 
orientation  of  a  deployed  target.  The  UHF  data  analyzed  were 
acquired  within  the  frequency  interval  200-450  MHz. 

The  reduced  speckle  noise  and  vegetation  clutter  for  a  VHF 
sensor,  in  combination  with  the  diffraction  limited  reso¬ 
lution,  imply  that  the  surveillance  capability  will  be  high  for 
this  type  of  system.  Man-made  targets  are  detected  by  the 
reflectivity  strength  at  moderate  resolutions,  rather  than 
detection  by  shape  against  a  severe  clutter  background 
applicable  to  microwave  SAR  systems  and  thus  requiring  a 
correspondingly  high  spatial  resolution. 

The  characteristics  of  the  forest  stand  at  the  Ottenbylund 
test  site  have  recently  been  surveyed  in  detail,  as  part  of  a 
research  program  to  assess  CARABAS  data  for  biomass 
estimation.  A  maximum  forest  bole  volume  of  200  m^/ha 
was  measured  and  the  average  tree  height  estimated  to  20  m. 
Analyses  of  radar  data  show  a  higher  dynamic  range  of  the 
forest  backscattering  coefficient  compared  to  what  is  found  in 
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images  from  SAR  systems  using  higher  frequencies.  The 
well-known  saturation  effect  manifested  in  biomass 
estimation  using  radar  was  not  encountered  at  the  maximum 
bole  volumes  found  in  Ottenbylund  [9]. 

CARABAS  II 

The  assembly  of  the  new  CARABAS  II  sensor  proceeds 
and  the  initial  radar  flight  tests  are  preliminary  scheduled  for 
the  first  half  of  1996.  It  is  a  joint  effort  between  FOA  and 
Ericsson  Microwave  Systems.  Based  on  the  experiences 
gained  from  CARABAS  I,  the  main  improvements  are  a  new 
rigid  antenna  system,  and  a  considerable  increase  of  the 
average  transmitted  power. 

Aerodynamical  analyses  showed  it  possible  to  mount  the 
rigid  antennas  on  the  front  to  avoid  the  turbulent  wake  of  the 
aircraft.  The  electrical  part  of  the  structure  is  integrated  inside 
an  aramide  tube  and  the  tube  ends  in  a  part  of  carbon  fibre  for 
integration  to  the  fuselage.  The  total  length  is  approximately 
8  m  and  the  configuration  is  installed  on  the  same  platform 
as  CARABAS  I,  a  Sabreliner  business  jet.  Two  non¬ 
electrical  dummy  units  have  already  been  flown  successfully, 
with  the  aerodynamical  behaviour  measured  for  various 
conditions  within  the  flight  envelope,  cf.  Fig.  1.  The 
electrical  antenna  design  has  been  changed  to  reduce  the  active 
length  to  about  5  m.  The  properties  of  the  manufactured 
antenna  is  measured  at  an  outdoor  test  range  for  comparison 
with  computer  simulation  results.  In  CARABAS  II,  it  will 
be  possible  to  transmit  through  the  two  antennas 
simultaneously  with  a  fix  time  delay  to  improve  the 
directivity  to  the  left-  or  right-hand  side  of  the  aircraft.  The 
final  evaluation  will  be  carried  out  in  flight,  with  the 
influence  from  the  metallic  fuselage  included.  One  obvious 
advantage  with  the  new  arrangement  is  the  lifetime  compared 
to  the  flexible  tubes.  The  latter  survived  only  about  20  hours 
in  flight  before  repairs  or  even  replacement  were  required,  and 
since  each  individual  unit  had  its  own  characteristics  the 
overall  antenna  properties  were  thus  changed.  A  major 
drawback  with  the  new  configuration  is,  however,  its 
position  pointing  forward  and  thereby  imposes  a  risk  of 
damaging  the  engines  if  something  happens  with  the 
mechanical  structure.  The  antennas  are  thus  equipped  with 
both  de-icing  and  lightning  protection  systems,  and  this  must 
be  taken  into  account  in  the  electrical  design. 

CARABAS  II  will  operate  within  20-90  MHz  and  a  non- 
ambiguous  Doppler  measurement  over  the  full  band  is 
achieved.  The  increased  power  level  will  rely  on  adaptive 
signal  shaping  to  allow  frequency  management  by  notching 
techniques,  and  by  this  means  avoid  a  severe  teleconflict 
problem  and  permit  frequency  cohabitation  with  other  users. 
The  frequency  scheme  is  fully  programmable  and  will  enable 
research  on  optimal  transmitted  waveforms  for  different 
applications,  e.g.  occupying  different  parts  of  the  full 


bandwidth  non-uniformly  over  a  full  cycle.  The  new  system 
is  designed  to  operate  at  an  higher  maximum  altitude  and  to 
register  data  from  a  larger  swath  width  on  ground. 

The  large  integration  angle  in  low  frequency  SAR,  in 
combination  with  the  pulse  compression  and  radio  inter¬ 
ference  mitigation  for  the  new  long  complex  CARABAS  II 
signal,  result  in  a  considerable  computation  burden.  The 
signal  processing  is  currently  running  off-line  on  ground,  but 
a  demand  of  onboard  processing  in  real-time  can  be  foreseen 
for  a  future  operational  system,  at  least  for  quick-look 
products.  The  original  derived  inversion  formula  has  been 
reformulated  on  a  form  well-suited  for  a  multi-processor 
environment,  not  requiring  the  complete  set  of  data  to  be 
available.  The  algorithm  operates  locally  and  the  image 
resolution  improves  continuously  as  long  as  new  raw  data  are 
registered  along  the  full  synthetic  aperture  [10].  A  Mercury 
multi-processor  system  has  been  purchased  for  this  purpose. 

SUMMARY 

A  considerable  amount  of  radar  data  have  been  collected 
with  CARABAS  I,  in  environments  ranging  from  rain 
forests  to  deserts.  The  data  analyses  have  given  new 
interesting  results  in  the  field  of  low  frequency  imagery. 
Some  imperfections  in  the  radar  system  have  been  discovered, 
and  will  be  taken  into  account  in  the  new  improved  system 
under  development,  CARABAS  II.  The  major  modifications 
concern  the  antenna  system  and  the  average  power 
transmitted.  Evaluation  of  CARABAS  I  images  has  shown 
good  performance  in  detection  of  man-made  objects  covered 
by  foliage. 

The  first  promising  results  on  biomass  estimation  have  to 
be  examined  further  with  the  new  system,  imaging  well 
surveyed  forest  stands  with  a  variety  of  bole  volumes.  The 
potential  of  interferometry  at  low  frequencies  is  another 
possibility  of  great  interest  to  investigate  for  3D  imaging 
applications  [11].  It  is  envisaged  that  the  increased  average 
power  will  help  to  better  understand  the  scattering 
mechanisms  present  in  ground  penetration,  to  be  able  to 
explore  potential  applications. 
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Fig.  1.  The  Sabreliner  aircraft  with  the  antenna  arrangement  mounted  for  CARABAS  I  (left)  and  CARABAS  II  (right), 
respectively  (courtesy:  FMV:Prov). 


Fig.  3.  This  CARABAS  image  was  acquired  at  the  Fort  Sherman  area,  Panama.  The  rough  Caribbean  shoreline,  with  a 
marginal  zone  of  coral  reef,  exhibits  a  strong  return  along  the  azimuth  direction.  Most  buildings  and  installations  are  located  to 
the  northernmost  part  (left)  with  two  large  merchant  vessels  visible  in  Limon  Bay,  forming  the  entrance  to  the  Panama  Canal 
in  the  vicinity  of  the  town  Colon.  Except  for  the  Fort  Sherman  cantonment  and  a  few  other  roads  and  clearings  in  the  jungle, 
the  area  is  covered  by  virgin  rain  forest.  Different  targets  were  deployed  along  the  roads  and  obscured  by  dense  forest  from  the 
radar  line-of-sight  when  flying  over  the  Caribbean  Sea,  i.e.  near-range  in  the  SAR  scene.  The  original  file  has  here  been 
resampled,  but  was  processed  from  20-60  MHz  without  any  pre-summing  in  azimuth  and  with  no  access  to  differential  GPS 
data  (courtesy:  MIT  Lincoln  Laboratory). 
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ABSTRACT 

This  paper  describes  the  Twin-Otter  SAR  Testbed 
developed  at  Sandia  National  Laboratories.  This  SAR  is  a 
flexible,  adaptable  testbed  capable  of  operation  on  four 
frequency  bands;  Ka,  Ku,  X,  and  VHF/UHF  bands.  The 
SAR  features  real-time  image  formation  at  fine  resolution  in 
spotlight  and  stripmap  modes.  High-quality  images  are 
formed  in  real  time  using  the  overlapped  subaperture  (OSA) 
image-formation  and  phase  gradient  autofocus  (PGA) 
algorithms. 

INTRODUCTION 

In  cooperation  with  numerous  sponsors,  Sandia  National 
Laboratories  has  developed  a  multimode  SAR  testbed 
capable  of  operation  on  four  bands;  Ka  band  (32.6  - 
37.0  GHz),  Ku  band  (14  -  16  GHz),  X  band  (7.5  - 
10.2  GHz),  and  VHF/UHF  (125  -  950  MHz).  The  SAR 
achieves  state-of-the-art  resolutions  on  each  band  while 
forming  the  SAR  images  in  real  time.  Exceptional  real¬ 
time  image  quality  is  achieve  through  the  use  of  iimovative 
image-formation  and  autofocus  algorithms  as  well  as  high- 
accuracy  motion  measurement  and  compensation.  A  Twin- 
Otter  aircraft  (Figure  1)  provides  a  flexible,  low-cost 
platform  for  the  SAR.  The  SAR  testbed  is  designed  to  be 
very  adaptable  -  hundreds  of  parameters  may  be  readily 
changed  to  meet  the  needs  of  new  experiments. 

Table  1  summarizes  the  parameters  for  the  Twin-Otter 
SAR.  The  SAR  operates  over  a  wide  range  of  resolutions, 
depression  angles  (2  to  90  degrees),  squint  angles  (greater 
than  ±45  degrees  from  broadside  depending  on  operating 
parameters),  and  ranges  (1  to  16  km).  Both  W  and  HH 


Figure  1.  Twin-Otter  Aircraft 


0-7803-3068-4/96$5.00©1996  IEEE 


polarizations  are  available  on  each  frequency  band,  except 
Ka  band  which  currently  uses  only  W.  Cross  polarization, 
HV,  is  available  at  the  VHF/UHF  band.  In  the  spotlight 
mode,  dwell  times  in  excess  of  60  seconds  have  been 
demonstrated  with  excellent  image  quality. 


Table  1.  Twin-Otter  SAR  Parameters 


Parameter 

Value 

Units 

Operating  frequency 

VHF/UHF 

125  to  950 

MHz 

Xband 

7.5  to  10.2 

GHz 

Ku  band 

14  to  16 

GHz 

Ka  band 

32.6  to  37.0 

GHz 

Range 

Ito  16 

km 

Aircraft  velocity 

35  to  70 

m/s 

Spotlight  resolution 

1  to  3 

m 

Stripmap  resolution 

VHF/UHF 

2  to  10 

m 

X,  Ku,  and  Ka  bands 

lto3 

m 

Swath  width 

1792 

pixels 

Depression  angle 

2  to  90 

degrees 

Squint  angle 

<  45  to  >  135 

degrees 

Noise  equivalent  reflection 
coefficient  (band  dependent) 

<-30 

dB 

Peak  sidelobes 

<-35 

dBc 

Multiplicative  noise  ratio 

<-10 

dB 

Dynamic  range 

>75 

dB 

Absolute  RCS  calibration,  3a 

<  ±3 

dB 

OPERATING  MODES 


The  Twin-Otter  SAR  can  operate  in  either  of  the 
conventional  stripmap  or  spotlight  SAR  modes.  Figure  2  is 
an  example  of  the  stripmap  mode  where  four  stripmap 
passes  of  the  Washington,  DC  area  have  been  mosaiced.  In 
addition  to  stripmap  and  spotlight  modes,  the  SAR  is 
capable  of  flying  circles  around  targets  in  a  spotlight  mode. 
Circular  data  collections  provide  a  means  of  efficiently 
characterizing  targets  over  a  wide  range  of  aspect  angles. 

Several  enhancements  have  been  added  to  the  Twin-Otter 
SAR  beyond  the  conventional  SAR  modes.  At  Ku-band,  a 
two-antenna  configuration  provides  3-D  or  interferometric 
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Figure  2.  SAR  Image  of  Washington,  DC  at  1-m  Resolution,  Ku  Band 


SAR  (IFSAR)  capability.  Using  careful  calibration 
procedures,  height  accuracies  of  sub-meter  rms  are 
achieved.  The  IFSAR  has  been  used  to  map  rural  as  well  as 
urban  regions.  A  novel  phase-unwrapping  technique  [1] 
uses  an  amplitude-monopulse  measurement  to  aid  in 
unwrapping  the  phase  ambiguities.  This  technique  provides 
unambiguous  height  measurements  and  greatly  improved 
computational  efficiency  compared  to  estimation-based 
phase-unwrapping  algorithms.  Figure  3  shows  an  IFSAR 
image  of  a  rural  area  near  Albuquerque,  NM,  yielding 
height  noise  of  about  0.5-m  rms. 

Additional  enhancements  include  coherent  change  detection 
for  detecting  decorrelation  or  minute  changes  in  radar 


scattering  and  a  bistatic  SAR  mode  which  does  not  require 
direct-path  synchronization  between  the  transmitter  and 
receiver.  RF  tags  or  transponders  have  been  demonstrated 
which  can  be  encoded  within  a  SAR  image. 

HARDWARE  DESCRIPTION 

Figure  4  shows  a  simplified  block  diagram  of  the  base 
Ku-band  SAR.  The  antenna,  inertial  measurement  unit 
(IMU),  and  rf  front  end  are  located  on  the  gimbal  as  shown 
in  Figure  5.  Figure  6  shows  the  Radar  Assembly  which 
contains  the  digital-waveform  synthesizer,  frequency 
converter  (exciter),  two-channel  receiver,  A/D  converter, 
and  image-formation  processor. 


Four  frequency  bands  are 
achieved  by  frequency 
translating  to  the  desired 
frequency  band  from  the  base 
Ku-band  SAR.  The  addition 
of  an  antenna,  rf  front  end, 
transmitter,  and  frequency 
translator  allow  the  Ku-band 
SAR  to  be  readily  adapted  to 
different  frequencies.  This 
technique  minimizes  the  new 
hardware  required.  To  date, 
three  additional  frequency 
bands  have  been  added:  Ka, 
X,  and  VHF/UHF.  The 
VHF/UHF  band  is  actually 
designed  to  allow  non- 


continuous  coverage  from 
5  MHz  to  2  GHz;  however, 
the  current  antenna  limits 
the  low-end  frequency  at 
125  MHz  and  the 
transmitter  limits  the  high- 
end  frequency  at  950  MHz. 

The  Sandia  SAR  platform 
combines  five  primary 
technologies  which  are 
each  essential  to  the 
formation  of  high-quality, 
fine-resolution  images  in 
real-time: 

•  Digital-waveform 
synthesizer  with  RF 

phase-error  correction,  digital-phase-generator  GaAs  ASICs,  each  driving  a  GaAs 

•  Linear-phase,  wide-bandwidth  microwave  subsystems,  sine  look-up-table  read-only  memory  (ROM).  Each  phase- 

•  Real-time  image-formation  processor  which  generator  and  sine-ROM  pair  operates  at  400  MHz,  both 

implements  both  the  overlapped-subaperture  (OSA)  driving  an  input-multiplexed  GaAs  digital-to-analog 

and  phase-gradient  autofocus  (PGA)  algorithms,  converter  (DAC)  to  yield  the  analog  chirp  output.  The  two 

•  High-accuracy  motion  measurement  and  precision  circuits  are  synchronized  and  clocked  at  800  MHz  to  yield  a 

GPS-aided  navigation,  and  theoretical  bandwidth  of  DC  to  400  MHz  for  the  chirp 

•  Real-time  motion  compensation  of  the  transmitted  output, 
waveform  and  received  samples. 

The  frequency  converter,  transmitter,  and  receiver 
The  digital-waveform  synthesizer  (DWS)  generates  a  subassemblies  achieve  phase-linearity  across  wide 

linear-FM  or  chirp  waveform  for  both  the  transmit  and  bandwidths  through  stringent  phase-error  allocations  and 

receive  LO  (deramp)  signals.  The  DWS  consists  of  two  novel  phase-cancellation  techniques.  In  addition  to 
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predistorting  the  transmitted  waveform  to  compensate  for 
phase  nonlinearities,  rf  circuits  have  been  developed  which 
cancel  the  phase  nonlinearities  of  other  rf  components. 
These  technologies  achieve  excellent  image  quality,  with 
azimuth  and  range  sidelobes  below  -35  dBc. 

The  real-time  image  formation  processor  is  a  custom  design 
based  on  the  digital-array  signal  processor  and 
programmable-array  controller  (DASP/PAC)  FFT  chipset 
from  Signal  Processing  Technologies  (SPT).  Six 
DASP/PAC  FFT  boards  provide  the  primary  computational 
throughput  required.  Two  TMS320C30  control  computers 
provide  the  motion  compensation,  autofocus,  and  control 
fimctions. 

Three  short  19-in  racks  contain  the  navigation  operator 
interface,  radar  operator  interface,  image  display,  high- 
density  tape  recorders,  and  power  supplies.  Two 
commercial  PCs  provide  the  navigation  and  radar  operator 
interfaces,  allowing  mission  or  radar  operation  changes  to 
be  easily  made.  The  SAR  image  is  displayed  in  real-time 
on  a  2048  x  2560-pixel  MegaScan  monitor.  An  Ampex 
DCRSi  recorder  stores  the  radar  phase  history  data,  the 
complex  image  data,  and  other  auxiliary  data,  such  as 
motion  measurement,  state-of-health,  etc.  A  Metrum  VLDS 
recorder  may  also  be  used  as  a  backup  recorder  in  storing 
the  image  data. 


IMAGE-FORMATION  ALGORITHMS 

The  image-formation  processor  implements  the  overlapped 
subaperture  (OSA)  image-formation  and  phase-gradient 
autofocus  (PGA)  algorithms  in  real  time.  The  OSA 
algorithm  [2]  enables  real-time  image  formation  through 
innovations  in  digital-waveform  synthesis,  A/D  sampling, 
and  high-accuracy  motion  measurement.  These 
technologies  allow  real-time  motion  compensation  of  the 
transmitted  waveform  and  received  samples,  simplifying 
real-time  image  formation. 

To  form  fine-resolution  SAR  images,  an  algorithm  that  can 
compensate  for  significant  non-straight-line  motion  is 
required.  The  OSA  algorithm  was  designed  to  be  a  real¬ 
time  solution  to  this  problem.  The  algorithm  is  constructed 
entirely  with  FFT  and  vector-multiplication  operations. 
Some  motion-compensation  steps  are  carried  out  before  the 
return  signal  is  processed  by  changing  the  radar  center 
frequency  and  phase,  PRF,  and  A/D  converter  sample  rate. 
The  radar  computes  these  parameters  as  functions  of  motion 
data  provided  by  the  motion-measurement  system. 

Figure  7  is  a  simplified  functional  diagram  of  the  OSA 
algorithm.  The  algorithm  is  composed  of  three  basic  steps; 
coarse-resolution  azimuth  processing,  fine-resolution  range 
processing,  and  fine-resolution  azimuth  processing.  In 
OSA,  a  synthetic  aperture  is  divided  into  overlapping 
subapertures  which  are  processed 
individually  to  produce  a  sequence 
of  images  which  have  coarse 
resolution  in  azimuth  and  fine 
resolution  in  range.  In  the  final 
stage  of  processing,  the  coarse- 
resolution  images  are  coherently 
combined  to  produce  the  final  fine- 
resolution  image.  In  OSA,  range 
and  azimuth  migration  are  corrected 
using  complex  multiplies;  inefficient 
interpolation  operations  are  not 
required. 

The  real-time  SAR  also  incorporates 
the  PGA  autofocus  algorithm  [3]  to 
estimate  and  remove  any  residual 
motion-measurement  error  that 
would  cause  smearing  in  the 
azimuth  dimension  of  the  image. 
Autofocus  is  done  in  two  steps; 
point  selection  and  phase-error 
extraction.  At  the  point-select 
process,  the  data  has  only  been  OSA 
processed  to  the  coarse-resolution 
stage  in  azimuth  and  fine-resolution 
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in  range.  The  point-select  process  determines  which  points 
(range-azimuth  bins)  are  most  suited  for  extraction  of  the 
phase  error,  and  gives  the  coordinates  of  these  bins  to  the 
PGA  algorithm.  In  this  manner,  autofocus  requires  less 
than  1%  of  the  computational  load  of  the  image-formation 
processor. 

The  PGA  algorithm  finds  the  dominant  scatterer  in  each  bin 
and  shifts  it  to  zero  Doppler  frequency  in  the  image  domain. 
The  algorithm  then  assumes  any  variation  from  an  ideal 
azimuth-impulse  response  centered  at  zero-Doppler  is  due 
to  residual  phase  errors.  This  error  is  averaged  with  those 
errors  found  from  other  selected  points  to  yield  an  estimate 
for  the  actual  error.  The  algorithm  is  iterated  until  the 
average  detected  error  level  falls  below  a  specified 
threshold,  or  until  a  maximum  number  of  iterations  have 
been  performed.  The  efficiency  and  robustness  of  the  PGA 
algorithm  is  ideally  suited  for  real-time  image  formation. 

MOTION  MEASUREMENT 

The  SAR  motion-measurement  and  navigation  system 
consists  of  a  miniaturized,  high-accuracy,  ring-laser-gyro 
IMU;  a  3 -axis  gimbal  antenna-pointing  and  stabilization 
assembly;  and  an  autonomous  6-channel  P(Y)-code  GPS 
receiver  [4].  The  system  provides  four  major  functions: 

•  Navigation, 

•  Motion  measurement  calculations  for  SAR  motion 
compensation, 

•  Antenna  pointing  and  stabilization,  and 

•  Pilot  guidance. 

The  IMU  is  closely  mounted  to  the  antenna  to  allow 
measurement  of  high-frequency  motion  due  to  turbulent 
flight  conditions  and  structural  resonances  excited  by  the 
aircraft  engines.  The  gimbal  mounting  of  the  IMU  is  made 
possible  by  its  small  size  and  weight.  Output  from  the  IMU 
is  fed  into  the  MoComp  computer  which  implements  the 
digital-signal  processing  and  motion  calculations  of  the 
motion-measurement  system.  The  output  of  the  GPS 
receiver  is  also  fed  into  the  MoComp  computer  which 
implements  a  nine-error-state  Kalman  filter  to  compensate 
for  long-term  drift  in  the  IMU  measurement.  The  resulting 
velocity  error  of  the  system  is  less  than  5 -cm/sec  standard 
deviation,  with  an  absolute  position  accuracy  of  less  than 
5-m  rms  for  differential-GPS  mode.  The  resulting  position 
and  velocity  data  is  fed  from  the  MoComp  computer  to  the 
radar  control  and  interface  computer  for  SAR  motion 
compensation. 

The  antenna  pointing  and  stabilization  function  maintains 
the  boresight  of  the  antenna  on  either  a  straight  line  on  the 
ground  (stripmap  mode)  or  a  fixed  point  on  the  ground 


(spotlight  mode)  during  each  aperture.  The  pointing 
accuracy  has  been  measured  at  less  than  O.OI-degrees  rms. 
Navigation  data  from  the  MoComp  computer  is  provided  to 
the  pilots  via  an  aircraft  waypoint  guidance  display  (located 
in  the  cockpit)  which  directs  the  pilot  to  fly  precise 
trajectories. 

SUMMARY 

The  Twin-Otter  SAR  is  a  state-of-the-art  testbed, 

encompassing  four  frequency  bands  and  operating  over  a 
wide  parameter  space  in  resolution  and  geometry. 

Exceptional  image  quality  is  produced  in  real-time  and  in  a 
dynamic  flight  environment.  The  testbed  is  designed  to  be 
flexible  and  can  be  readily  adapted  to  future  experiments. 
Numerous  innovations  in  real-time  hardware  and 

algorithms  have  been  demonstrated  and  are  being 

transitioned  into  other  programs. 
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Abstract  -  This  paper  describes  a  mobile  radar  testbed  that 
provides  airbome-like  collection  geometries.  The  radar  is  a 
low  frequency,  ultra-wideband,  synthetic  aperture  radar 
intended  to  provide  a  resource  for  the  analysis  of  foliage 
and  ground  penetration  phenomenology. 

INTRODUCTION 

The  Army  Research  Laboratory  (ARL)  has  been 
pursuing  the  use  of  ultra  wideband  (UWB)  test  bed  radars 
as  basic  sensor  systems  for  gathering  the  data  needed  to 
imderstand  foliage  penetrating  (FOPEN)  and  ground 
penetrating  (OPEN)  radar  phenomenology  and  to  provide 
a  wide  variety  of  data  to  develop  target  detection 
algorithms.  These  radars  provide  1  gigahertz  (GHz)  of 
bandwidth  and  the  full  polarization  matrix  to  accomplish 
this  task.  They  also  act  as  the  proving  groimds  for 
emerging  technology  in  the  area  of  transmitters,  A/D 
converters,  antennas,  etc.  The  initial  radar  was  a  rail 
guided  system  (RailSAR)  using  a  single  dimension 
control  system  forming  a  104  m  linear  aperture  on  the 
ARL  rooftop  [1]. 

The  BoomSAR  is  a  extension  of  this  design, 
undertaken  by  ARL  after  early  results  from  FOPEN  and 
OPEN  field  trials  [2,3,4]  encouraged  us  to  produce  a 
mobile,  high  signal-to-noise  radar.  This  radar  allows  data 
collection  over  a  wide  range  of  varying  clutter  and  target- 
in-clutter  scenarios,  at  lookdown  angles  similar  to  those 
that  would  be  used  in  an  airborne  sensor,  to  suppport 
phenomenology  and  target  discrimination  research.  With 
the  BoomSAR  one  can  form  two-dimensional  apertures 
by  varying  the  height  of  the  radar  to  allow  the  resolution 
of  images  in  three  dimensions.  The  major  differences 
between  the  systems  are  the  increased  complexity  of  the 
three-dimensional  sensing/control,  the  need  to  perform 
real-time  motion  sensing/correction,  and  the  addition  of  a 
number  of  hardware  and  software  troubleshooting  tools. 

SYSTEM  DESCRIPTION 

The  basic  radar  consists  of  several  major  subsystems, 
seen  in  the  block  diagram  (Fig.  1),  which  are  modular  in 
nature  to  allow  for  ease  of  exchange  for  the  evaluation  of 
alternate  approaches.  Many  of  the  subassemblies  exist  as 


standard  19"  rack  mount  units  or  as  VME-compatible 
printed  circuit  assemblies.  Much  of  the  system  operation  is 
controlled  by  software,  allowing  an  easy  path  to  upgrade. 
The  majority  of  the  hardware  is  installed  in  a  pair  of 
environmentally  controlled  cabinets  mounted  to  the  basket 
of  a  JLG-150HAX  telescoping  boom  lift.  The  JLG  boom 
allows  a  load  of  up  to  1000  pounds  to  be  elevated  to  45  m 
while  the  boom  is  moving  at  approximately  1  km/hr.  The 
boom  can  easily  be  operated  at  lower  heights  by 
manipulating  the  boom  arms. 

Position  information  is  obtained  from  a  Geodimeter 
4000,  a  commercial  robotic  theodolite  system,  that  tracks 
an  optical  beacon  mounted  on  the  antenna  array.  The 
Geodimeter  radio  links  information  back  to  the  base  of  the 
boom  where  it  is  sent  on  to  the  Motion  Compensation 
(MoComp)  computer  located  upmast.  A  SPARC  notebook 
computer,  also  located  at  the  base  of  the  boom,  acts  as  the 
operator  interface  to  the  radar  tystem.  Communication 
from  the  base  to  the  radar  system  is  via  serial  and  ethemet 
cables  that  run  inside  the  telescoping  boom  arms. 

There  are  four  antennas;  two  transmit  and  two  receive, 
to  provide  the  full  polarization  matrix  in  a  quasi-monostatic 
sense  [5].  The  antennas  are  open  sided,  resistively 
terminated,  TEM  horn  designs  about  2  m  in  length  with  a 
0.3-m  aperture  [6].  An  ARL-designed  high-power,  wide- 
bandwidth  balun  [7,8]  transforms  the  50-£i  feedline 
impedance  up  to  the  200  SI  the  antennas  represent.  The 
antenna/balun  combination  supports  a  bandwidth  from 
approximately  40  MHz  to  over  2000  MHz,  and  basically 
defines  the  low  frequency  end  of  the  system  bandwidth. 

The  high  bandwidth  of  the  radar  is  currently  provided 
by  using  an  impidse  implementation.  A  pair  of  Power 
Spectra  BASS  02X,  pseudo-exponential  waveform  impulse 
generators  drive  the  transmit  antennas,  allowing  fast 
polarization  switching  by  having  the  processor  select  which 
transmitter  to  enable.  The  transmit  waveform  has  a  150-ps 
risetime  and  approximately  a  2-ns  falltime,  and  average 
power  is  approximately  1.5  w  at  the  current  pidse  repetition 
frequencies  (PRFs).  The  Timing  and  Control  circuit, 
designed  to  support  a  wide  variety  of  transmit  and  receive 
hardware,  provides  a  selectable  munber  (a  “burst”)  of 
pulses,  at  selectable,  or  pseudorandom,  dithered  PRFs,  to 
one  or  two  transmitters  for  use  with  one  or  two  antennas. 
This  circuit  also  provides  pre-trigger  timing  for  other 
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Figure  1.  Radar  Block  Diagram 


system  elements  and  has  outputs  for  driving  receiver 
protectors  in  T/R  switch  systems. 

The  preamplifier/attenuator  assemblies  include  low 
noise  preamplifiers  with  PIN  diode  protectors  and  up  to  121 
dB  of  programmable  attenuation.  The  attenuators  act  as  the 
gain  control  for  the  A/D  converters,  ensuring  maximiun  use 
of  their  dynamic  range,  and  providing  signal  reduction 
when  the  radar  is  working  with  large  signals,  close  targets, 
or  in  high  RFI  environments.  Automatic  Gain  Control 
(AGC)  is  provided  by  a  two-threshold  comparator  in  the 
operational  software. 

The  A/D  subsystem  acts  as  the  wideband  receiver  for  the 
radar.  The  radar  operates  as  a  coherent-on-receive  system 
by  triggering  the  A/Ds  from  a  pickup  antenna  that  senses 
the  actual  transmit  pulse.  This  allows  for  variations  in 
different  transmitters,  without  having  to  reprogram  Timing 
and  Control  circuit  delays.  The  A/D  subsystem  consists  of  a 
pair  of  Tektronix/Analytek  VX2005C,  2-gigasamples  per 
second  A/D  converters,  and  a  stable  reference  clock. 
Because  the  A/Ds  have  programmable  trigger  and 
acquisition  length,  the  recorded  range  swath  can  be 
positioned  virtually  anywhere  the  operator  desires.  A 
unique  feature  of  these  A/D  converters  is  that  they  provide, 
to  10-pS  resolution,  the  time  difference  between  the  sample 
clock  and  trigger  event.  With  the  use  of  this  data, 
subsample  time  interpolation  allows  the  processor  to 
generate  an  interleaved  record  at  an  equivalent  64- 
gigasample/s  rate,  much  as  would  be  provided  by  a 
sampling  oscilloscope.  The  actual  high-frequency  response 
of  the  radar  is  defined  by  the  1100-Mhz  analog  bandwidth 
of  the  A/D  converters. 

The  VME  processor/data  storage  system,  which 
orchestrates  the  operation  of  the  radar,  currently  includes 
two  Mercury  quad  i860  boards  for  each  receive  chaimel  for 
high  speed  processing.  The  processors  communicate  with 


each  other  over  Mercury’s  proprietary  high-speed  Raceway 
bus.  One  of  the  boards  on  each  of  the  charmels  has,  in  place 
of  a  pair  of  processors,  a  Raceway  Input  Interface  (RJNT) 
module  that  allows  external  accesss  to  the  high-speed  bus. 
An  in-house-developed  HINT  Interface  Board  (RIB) 
provides  a  merged  stream  of  A/D,  status,  and  MoComp 
data  to  the  RINT.  In  each  charmel  one  of  the  i860 
processors  plays  host  while  the  remaining  five  i860  array 
processors  perform  data  interleaving,  integration,  filtering, 
and  resampling  to  produce  8  gigasample/s  equivalent  data 
records. 

SYSTEM  OPERATIONS 

Before  each  data  collection  (a  “nm”),  an  internal 
calibration  of  the  A/D  converters  is  performed  to  null  DC 
offsets  and  align  AC  gains.  Built-in  test/equipment 
(BIT/Bl'1'E)  not  only  allows  debugging  of  major  system 
components  while  the  boom  is  elevated,  but  also  provides  a 
source  of  calibration  signals  to  track  the  relative  health  of 
the  system.  When  placed  into  debug  mode,  the  Test  Target 
Generator  (TTG)  produces  a  string  of  short  pulses  that  can 
be  radiated  from  the  trigger  antenna  and  picked  up  by  the 
receivers.  Since  the  A/D  converters  start  ^gitizing  as  soon 
as  they  are  armed,  it  is  possible  to  set  the  delay  control  of 
the  A/D  converters  to  a  “negative”  time.  Setting  the 
attenuators  to  60  dB  allows  data  to  be  recorded  from  the 
“main  bang.”  Before  a  run  commences,  a  number  of 
records  of  each  of  these  test  signals  are  recorded  for 
comparison  to  previous  results. 

In  the  current  configuration,  the  radar  produces  a  burst 
of  128  pulses  of  one  transmit  polarization,  followed  by  a 
burst  of  128  pulses  of  the  opposite  polarization.  Both 
receive  chaimels  are  operated  in  parallel  and  HH,  HV,  VH, 
and  W  polarization  data  is  available.  Currently, 
approximately  300  m  of  range  swath  (4088  samples)  is 
acquired  for  each  pulse.  For  either  channel,  each  burst  is 
interleaved  and  averaged,  as  mentioned  earlier,  by  one  of 
the  five  i860  processors.  Down  look  angles  to  the  target 
vary  from  45°  to  approximately  10°,  depending  on  the 
range  to  the  target,  allowing  a  large  number  of  simulated 
airborne  geometries  to  be  examined  in  a  single  pass. 
Typical  SAR  integration  angles  vary  from  approximately 
30°  to  60°  for  these  geometries,  again  depending  on  range. 
Approximately  every  25  m,  normal  acquisition  is 
automatically  interrupted  and  raw  RF  Interference  (RFI) 
data  is  acquired  to  have  a  record  of  the  typical  RFI  levels 
during  the  run  as  well  as  real  data  on  which  to  train  RFI 
rejection  algorithms. 

Interleaved  output  is  typically  sent  to  six  Magneto-Optic 
(M-0)  CD  drives,  three  for  each  channel.  For  about  300  m 
of  range  swath,  approximately  2.5  km  of  aperture  can  be 
recorded  on  one  side  of  these  disks.  It  is  also  possible  to 
record  limited  swaths  of  raw  data  on  a  set  of  six  2-gigabyte 
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hard  drives.  Two  such  12-gigabyte  assemblies  are  available 
to  allow  data  to  be  unloaded  from  one  while  the  other  is 
used  for  data  acquisition.  Each  hard  drive  assembly  can 
store  approximately  2  km  of  aperture  with  the  number  of 
pulses  per  brnst  recorded  being  traded  off  against  range 
swath  coverage. 

At  the  completion  of  a  run,  the  M-0  disks  are  removed 
and  examined  with  a  graphical  data  quality  tool  in  the  data 
van.  Radar  status,  position  data,  data  statistics,  histograms, 
and  a  spectrogram  are  available  for  examining  the  whole  of 
the  run,  while  individual  records,  or  the  averages  of  groups 
of  records,  can  be  plotted  against  either  time  or  frequency. 
Data  is  further  processed  in  the  field,  or  at  the  laboratory,  to 
provide  motion  compensation,  filtering,  RFI  rejection,  and 
range  correction.  The  data  is  then  backprojected  to  produce 
the  bipolar  image  plane  data  used  for  signature  analysis  and 
from  that,  with  application  of  a  Hilbert  transform,  envelope 
data  (which  is  then  converted  into  decibels)  is  created  to 
form  SAR  imagery.  Data  can  be  processed  to  provide  sub¬ 
aperture  or  frequency  sub-banded  outputs  to  examine  the 
utility  of  lower  bandwidth  systems  or  spotlight  operations. 

The  BoomSAR  was  successfully  operated  at  Aberdeen 
Proving  Grounds  (foliage  penetration  testing)  and  at  Yuma 
Proving  Grounds  (ground  penetration  testing)  in  the  1995- 
96  time  frame.  Results  from  these  runs  have  shown  the 
system  capable  of  0.15-m  resolution  in  range  and  0.3  m  in 
cross-range.  Figure  2  shows  an  excerpt  of  a  greater  than 
60-dB  dynamic  range  image  from  one  of  the  foliage 
penetration  runs  at  Aberdeen.  For  this  image  the  frequency 
range  was  130—1100  MHz.  A  number  of  42-cm  tihedrals 
are  visible  in  an  open  region  between  two  areas  of  trees 
and  an  80-cm  sphere  is  located  at  the  edge  of  the  woods. 
There  is  no  direct  line  of  sight  to  the  trihedrals  from  the 
radar;  in  fact,  the  angle  to  these  targets  is  about  25°  from 
the  radar.  The  resolution  of  the  radar  is  demonstrated  by 
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the  pair  of  lines  running  between  the  poles  along  the  lower 
edge  of  the  image.The  first  of  these  lines  is  the  return  from 
the  wire  strung  between  the  poles,  while  the  second  is  the 
multipath  return  from  the  ground  reflection  of  the  signal. 

SUMMARY 

A  mobile  ultra-wideband  low-frequency  synthetic 
aperture  radar  has  been  demonstrated  with  high  resolution 
and  excellent  signal-to-noise  performance.  The  system 
provides  data  on  foliage  and  ground  penetrating 
phenomenology  with  airbome-like  geometries  for  use  in 
ongoing  studies  in  target  detection  and  recognition.  Future 
enhancements  include  the  addition  of  an  inertial  navigation 
system  and  a  developmental,  direct-digital-synthesis  (DDS) 
transceiver. 
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Abstract — 

The  South  African  SAR  System  (SASAR)  is  planned  to 
be  a  fully  polarimetric,  multifrequency  SAR  system.  Due 
to  budget  constraints,  only  a  single  VHF  sensor  is  currently 
under  construction.  This  paper  reports  the  status  of  the 
SASAR  system,  concentrating  on  the  VHF  subsystem.  Tri¬ 
als  of  the  VHF  sensor  are  planned  for  the  last  quarter  of 
1996  on  board  a  Boeing  707  aircraft  of  the  South  African 
Air  Force. 

INTRODUCTION 

SASAR  was  conceived  of  as  a  fully  polarimetric,  multi¬ 
frequency  SAR  [1].  The  exact  choice  of  platform  and  trans¬ 
ceiver  frequency  were  not  finalised  until  recently.  In  this 
paper,  an  overview  of  the  sensor  is  presented,  as  well  as 
giving  an  update  on  the  progress  with  construction  and 
integration. 

In  the  early  stages  of  the  project  it  was  hoped  to  use 
elements  of  an  existing  Russian  VHF  system  [3]  mounted 
in  a  Tul34,  but  the  cost  of  required  aircraft  maintenance 
(which  emerged  after  detailed  discussions)  made  this  im¬ 
possible.  Essentially,  the  Russian  transceiver  at  120MHz 
and  the  platform  were  to  be  fitted  with  a  South  African 
built  recording  system  and  inertial  platform. 

In  addition,  it  was  decided  to  change  the  name  of  the 
system  from  “iSAR”  (which  is  SAR  in  the  Xhosa  language) 
to  SASAR,  due  to  the  confusion  with  the  topics  of  inverse 
SAR  and  interferometric  SAR. 

Negotiations  then  started  with  the  owners  of  a  number  of 
platforms  within  the  RSA  and  eventually  the  South  African 
Air  Force  offered  the  use  of  a  Boeing  707,  which  is  now  the 
focus  of  the  project.  This  platform  is  clearly  not  the  most 
fuel  efficient,  but  a  number  of  practical  issues  make  it  an 
ideal  test  bed  for  this  phase  of  the  project: 

•  Its  high  cruising  altitude  will  allow  for  small  incidence 
angle  ground  penetration  studies. 

•  The  large  fusilage  and  raked  back,  propeller-less  wings 
are  close  to  ideal  for  the  large  VHF  antenna. 

•  The  fusilage  of  this  particular  aircraft  already  has  mount¬ 
ing  hardpoints  for  the  antenna  “cheek”  (see  Figure  1) 
as  well  as  numerous  RF  feedthroughs. 

•  The  aircraft  has  the  duration  for  long  deployments  in 
other  parts  of  Africa  and  the  world. 

In  addition,  the  decision  was  made  to  concentrate  on  the 
most  difficult  sensor,  i.e.  a  VHF  system,  since  it  was  felt 
that  this  band  was  not  commonly  available  internationally. 
The  use  of  the  VHF  band  is  felt  to  offer  unique  opportuni¬ 
ties  for  canopy  penetration,  as  well  as  dry  soil  overburdens. 


Figure  1:  SAAF  Boeing  707  with  antenna  cheek.  (The 
VHF  antenna  farm  will  actually  be  located  on  the  left  side 
of  the  aircraft. 

The  latter  is  particularly  important  for  hydrology  studies  in 
arid  regions,  such  as  found  over  the  majority  of  the  south¬ 
ern  African  subcontinent.  In  addition,  it  was  decided  to 
opt  for  a  wide  swath  at  low  resolution,  to  enable  wide  area 
coverage. 

THE  SASAR  SYSTEM 

The  block  diagram  of  the  complete  SASAR  is  shown  in 
Figure  2.  More  details  of  the  system  design  are  given  in  [1]. 

Features  of  this  system  which  are  too  detailed  to  show 
in  a  block  diagram  are: 

•  Each  channel  of  data  is  assigned  its  own  recording  de¬ 
vice,  thereby  reducing  data  rate  per  channel,  and  thus, 
system  cost. 

•  A  time-stamping  system  ensures  all  data  can  be  re¬ 
integrated  for  ground  processing. 

•  The  recording  device  is  connected  to  a  fast  SCSCI 
port,  meaning  that  the  system  can  take  advantage  of 
helical  scan  tape,  hard  disk  and  RAID  technology. 

•  The  main  timing  unit  is  a  large  block  of  RAM,  allow¬ 
ing  almost  unlimited  variations  in  the  sequencing  of 
transmissions  and  recording. 

•  Radar  PRF  is  slaved  to  ground  speed,  ensuring  con¬ 
stant  ground  sampling  in  azimuth. 
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Figure  2:  SASAR  Block  Diagram 

VHF  SWATH  CHARACTERISTICS 

The  swath  characteristics  are  shown  in  Table  1.  Note 
that  this  is  a  nominal  configuration:  variations  in  platform 
height  allow  for  reasonable  flexibility. 

Table  1:  Swath  Characteristics  for  the  VHF  Sensor 


Characteristic 

Value 

Resolution  (slant) 

26  m 

Swath  Width  (slant) 

86.4  km 

Swath  Width  (ground) 

90.2  km 

Number  of  Range  Pixels 

4096 

Pixel  Spacing  (slant) 

21.1  m 

Nominal  Start  of  Swath 

10.7  km 

from  Nadir  Track 

Coverage  Rate 

1331  km^/min 

Nominal  Incidence  Angle  (near) 

45  deg 

Nominal  Incidence  Angle  (far) 

84  deg 

THE  VHF  SAR 

This  is  the  only  part  of  SASAR  currently  under  con¬ 
struction,  and  is  described  below. 

The  antenna  is  a  3x2  array  of  dual  polarised  inclined 
monopoles  designed  and  developed  by  Grinaker  Avitron- 
ics.  These  antennas  offer  virtually  no  air  resistance  and 
are  inherently  broadband.  The  antennas  were  first  scaled 
and  measured  at  microwave  frequencies  and  array  patterns 
predicted  from  the  measured  data.  The  measurements  and 
simulations  included  the  effect  of  the  aircraft  fusilage.  The 
array  itself  will  be  tested  on  an  open  air  range  once  in¬ 
tegrated  to  the  mounting  cheek  which  acts  as  the  ground- 
plane..  The  broadband  nature  of  the  antenna  will  be  useful 
for  future  range  resolution  enhancements  to  the  VHF  SAR. 

The  mounting  cheek  is  a  dural  frame  with  plenty  of  space 
for  the  combining  network  to  be  mounted  between  the 


cheek  and  the  aircraft  skin.  This  means  that  that  only 
two  RF  connectors  are  required  to  pierce  the  pressure  hull. 
The  shape  of  the  cheek  is  modelled  on  existing  EW  antenna 
farms  and  is  estimated  to  place  extra  drag  of  about  10%  of 
the  effect  of  one  engine  loss  on  the  aircraft. 

Although  only  one  transceiver  and  recording  system  is 
being  constructed,  the  antenna  will  be  able  to  support  fully 
polarimetric  measurements  in  the  future,  as  well  as  the 
bandwidth  required  for  enhanced  range  resolution.  More 
information  on  the  antenna  can  be  found  in  reference  [2]. 

The  transceiver  consists  of  the  slightly  modified  IF  stages 
of  an  existing  L  Band  radar  system  produced  by  Reutech 
Systems  of  Stellenbosch.  The  power  stage  is  an  adjustable 
class  A  to  B  solid  state  1  kW  amplifier. 

The  original  design  included  a  calibration  path  and  po¬ 
larisation  switch  for  the  power  amplifier.  However,  due  to 
cost,  this  has  had  to  be  omitted  and  polarisation  on  trans¬ 
mit  will  be  manually  selected.  Either  co-  or  cross-polar 
reception  is  similarly  selected  by  hand. 

Again,  because  of  cost,  a  short  monochrome  pulse  solu¬ 
tion  has  been  implemented,  achieving  a  range  resolution  of 
about  25m.  Future  plans  envisage  the  use  of  either  a  5fjs 
linear  chirp  or  synthetic  range  profiling  to  achieve  higher 
range  resolution  [4]. 

The  receivers  have  digital  gain  and  STC,  controlled  by 
the  Low  Bitrate  Recording  and  Console  System  [1],  which 
is  part  of  the  Recording  System.  The  STC  curves  can  be 
stored  and  recalled  from  disk  and  are  adjustable  on-line. 
An  overall  specification  for  the  VHF  Transceiver  is  given 
in  reference  [2]. 

The  recording  system  consists  of  units  containing  A/D 
converters,  presummer  and  data  recorders,  one  for  each 
channel.  These  are  known  as  High  Bitrate  Recorders  (HBRs) 
There  are  to  be  six  HBR  units  in  a  fully  configured  system. 
For  the  prototype,  single  channel  system,  a  hard  disk  is  to 
be  used  for  data  recording.  Data  will  be  archived  to  8mm 
tape  post  mission.  A  top  level  specification  of  the  HBRs  is 
given  in  Reference  [2]. 

All  data  is  time  stamped  with  a  signal  originating  from 
a  GPS  receiver,  coded  by  the  low  bitrate  recorder  (LBR). 
This  LBR  also  acts  as  the  system  console  for  setup  of  the 
radar  transceivers,  HBRs  and  Quick  Look  Processor  (QLP). 

The  inertial  platform  is  the  RAPID  strapdown  inertial 
platform  produced  by  Kentron  of  Irene.  This  unit  also 
contains  a  GPS.  Data  is  transferred  to  the  LBRCS  using 
the  ARINC  standard.  The  unit  is  mounted  close  to  the  an¬ 
tenna  cheek  to  assist  with  motion  compensation  post  mis¬ 
sion.  This  system  has  very  similar  specifications  to  stan¬ 
dard  airborne  equipments  and  details  are  not  given  here. 
The  motion  system  was  made  autonomous  of  the  platform 
to  simplify  air  safety  considerations,  i.e.  not  compromising 
the  aircraft’s  built-in  navigation  systems. 

For  the  first  version  of  SASAR,  a  DEC  Alpha  worksta¬ 
tion  is  being  used  for  the  quicklook  function  (QLP).  A 
quasi-focussed  algorithm  [3]  is  used  to  produce  25m  square 
pixels.  The  principle  objective  of  this  system  is  for  online 
checking  of  data  as  it  is  being  recorded.  The  very  unpre¬ 
dictable  backscatter  levels  at  VHF,  as  well  as  the  range 
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dependency  of  the  data  will  make  this  a  very  useful  tool. 
The  QLP  can  be  switched  to  any  of  the  radar  transceivers, 
although  only  one  receiver  will  be  present  in  the  prototype 
system. 

The  Ground  Processor  (GPROCS)  is  based  on  the  con¬ 
ventional  range-doppler  algorithm.  The  processor  is  writ¬ 
ten  in  ANSI  C  and  runs  on  a  number  of  platforms.  The 
DEC  Alpha  used  as  the  QLP  in  this  system  will  be  used 
post-mission  for  the  bulk  of  image  processing. 

Data  is  input  to  the  processor  from  mission  recorded 
tapes.  In  addition,  motion  data  from  the  mission  is  input 
separately,  also  from  tape.  The  time-stamping  of  data  al¬ 
lows  motion  and  raw  data  to  be  re-integrated  for  further 
processing  to  the  desired  resolution. 

Initially,  VHF  data  will  only  be  processed  to  about  4 
looks  and  square  pixels  of  about  25m.  Range  curvature 
is  not  problematic  at  this  resolution.  However,  some  ex¬ 
perimentation  will  be  carried  out  with  higher  azimuth  res¬ 
olution  to  test  the  capabilities  of  the  processor  and  the 
motion  recording  system.  The  demanding  requirements  of 
high  resolution  VHF  SAR  imagery  are  currently  under  re¬ 
view  [4]. 

PROGRAMME 

All  contracts  for  hardware  and  software  were  placed  in 
mid  1995,  and  system  laboratory  integration  will  start  in 
April  1996.  The  antennas  and  the  “cheek”  are  complete 
and  being  tested.  The  RF  hardware  is  also  under  test. 
The  first  flights  are  expected  to  take  place  in  about  August 
1996.  Due  to  the  cost  of  operating  the  platform,  as  many 
missions  as  possible  will  be  planned  to  piggy-back  with 
other  SAAF  training  activities.  Missions  will  be  planned 
to  try  and  assess  the  foliage  and  ground  penetration  capa¬ 
bilities  of  this  sensor. 

Calibration  is  an  important  issue  and  is  especially  diffi¬ 
cult  at  VHF  frequencies.  Some  thought  is  being  given  to 
active  calibrators,  as  well  as  more  conventional  dihedrals 
and  trihedrals.  However,  the  first  priority  will  be  to  ob¬ 
tain  experience  of  typical  VHF  backscatter  from  various 
terrains. 

Planning  will  start  soon  on  the  addition  of  a  second  VHF 
receiver,  transmitter  switch  and  recording  system.  This 
second  system  will  be  delayed  so  that  experience  with  the 
first  system  can  be  incorporated  into  its  implementation. 
No  range  resolution  enhancement  would  be  contemplated 
during  this  project. 

The  present  25m  resolution  is  adequate  for  geophysi¬ 
cal  applications,  but  for  reconnaisance  and  target  recog¬ 
nition,  an  improved  resolution  (1.5m)  should  be  planned. 
A  project  decision  will  then  have  to  be  made  as  to  whether 
it  would  be  better  to  enhance  the  resolution  of  the  VHF 
sensor  (say  to  1.5m),  or  to  add  another  frequency.  Budget 
will  probably  preclude  both  being  tackled  simultaneously. 

A  project  is  under  way  at  present  investigating  the  use  of 
the  Chirp  Scale  algorithm  [5]  together  with  synthetic  range 
profiling  [6,4]  processing  to  achieve  the  improved  radar 
range  resolution.  An  alternative  approach  for  improved 


range  resolution  is  to  use  a  conventional  linear  chirp.  How¬ 
ever,  the  former  approach  is  favoured,  since  the  frequency 
hopping  nature  of  the  synthetic  range  profile  will  allow  in¬ 
terfering  signals  to  be  removed  before  range  processing  [4]. 
It  is  expected  that  interference  will  be  problematic  in  the 
VHF  band.  It  should  be  noted  that  to  reduce  recording 
bandwidth,  the  synthetic  range  profiling  will  have  to  be 
carried  out  before  recording. 

In  terms  of  adding  other  frequencies  to  the  SASAR,  the 
other  sensor  might  well  be  at  L  Band,  since  low  cost  in¬ 
digenous  technology  exists.  The  dual  channel  patch  array 
would  be  integrated  between  the  VHF  elements,  if  it  can  be 
shown  that  the  groundplane  continuity  is  not  too  severely 
compromised. 

CONCLUSION 

The  VHF  sensor  of  the  SASAR  has  been  described.  This 
sensor  is  planned  to  start  trials  in  the  last  quarter  of  1996. 
The  foliage  and  ground  penetration  capabilities  of  this  sen¬ 
sor  will  be  evaluated  during  a  limited  number  of  trial  flights. 
Upgrades  to  the  VHF  and  other  sensors  are  planned  once 
more  funding  becomes  available. 
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Abstract:  We  have  developed  a  relatively  inexpensive,  ex¬ 
perimental  Synthetic  Aperture  Radar  (SAR)  system  which  can 
be  flown  on  small  aircraft.  The  entire  unit  weighs  approxi¬ 
mately  360  lbs  with  most  of  the  weight  in  the  battery-power 
supply.  The  system  cost  is  kept  low  by  using  a  simple  RF  sub¬ 
system  with  an  all-digital  IF  and  commercial  components  for 
the  chirp  generation,  analog-to-digital  conversion,  and  digital 
signal  processing.  The  system  has  been  successfully  operated 
from  a  truck  and  an  aircraft  and  has  exhibited  a  range  resolution 
of  1.5  m  and  an  azimuth  resolution  of  0.5  m.  The  system  is 
described  and  images  from  the  tests  are  shown. 

INTRODUCTION 

A  Synthetic  Aperture  Radar  (SAR)  is  an  imaging  radar  which 
uses  signal  processing  to  improve  the  resolution  beyond  the 
limitation  of  the  physical  antenna  aperture.  Typical  SAR 
systems  are  complex,  expensive  and  difficult  to  transport.  The 
BYU  SAR  (YSAR)  is  a  relatively  inexpensive,  lightweight 
system.  The  system  is  designed  to  be  flown  in  a  four  or  six 
passenger  aircraft  at  altitudes  up  to  2000  feet. 

The  system  cost  and  complexity  are  kept  low  by  using 
commercially  available  parts  for  most  of  the  components.  A 
standard  PC  system  is  used,  with  plug-in  cards  for  the  analog- 
to-digital  conversion  and  digital  signal  processing.  The  chirp 
is  generated  by  a  low-cost  200  MHz  Arbitrary  Waveform 
Generator  (AWG).  A  simple  RF  subsystem  up-converts  the 
transmitted  chirp  using  double-sideband  modulation  and  down- 
converts  the  received  signal.  The  YSAR  system  has  been 
successfully  tested  from  a  truck  and  an  aircraft.  The  system  has 
a  range  resolution  of  1 .5  m  and  an  azimuth  resolution  of  0.5  m. 

This  paper  describes  the  YSAR  system  and  presents  results 
obtained  from  system  tests.  The  first  section  shows  the  block 
diagram  and  describes  each  component.  The  nv*xt  section 
describes  the  deployment  of  the  system.  The  third  section 
presents  test  results. 

SYSTEM  DESCRIPTION 

The  YSAR  system  is  composed  of  an  RF  subsystem,  a  chirp 
generation  subsystem,  a  digital  subsystem,  and  an  antenna 
subsystem.  A  block  diagram  of  the  system  is  shown  in  Fig. 
1.  The  entire  system  weighs  approximately  360  lbs,  with  over 
half  that  coming  from  the  battery-power  supply.  Each  of  the 
subsystems  is  described  below. 
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RF  Subsystem 

The  RF  subsystem  consists  of  a  transmitter,  receiver,  and 
offset  local  oscillator  and  weighs  approximately  70  lbs.  The 
transmitter  mixes  the  100  MHz  bandwidth  chirp  up  to  2.1  GHz 
for  transmission.  The  receiver  and  local  oscillator  are  used  to 
mix  the  RF  radar  return  from  the  antenna  to  an  offset  baseband 
and  amplify  it  so  it  can  be  sampled  by  the  digital  subsystem. 

Chirp  Generation 

To  reduce  cost,  the  chirp  is  transmitted  and  received  with 
double-sideband  (DSB)  modulation,  as  shown  in  Fig.  2.  This 
avoids  the  cost  associated  with  single- sideband  chirp  generation 
and  increases  the  effective  bandwidth  of  the  chirp. 

The  baseband  chirp  signal  is  generated  by  a  commercial 
Arbitrary  Waveform  Generator  (AWG).  The  chirp  is  first  calcu¬ 
lated  by  the  PC  and  then  downloaded  with  timing  information 
to  the  AWG’s  memory  over  an  RS-232  channel.  The  AWG  is 
synchronized  to  the  local  oscilator  in  the  RF  unit  and  is  used  to 
control  the  timing  for  the  entire  system.  The  chirp  bandwidth, 
the  delay  before  triggering  the  digital  sampling,  and  the  pulse 
repitition  frequency  (PRF)  are  all  software  selectable.  The 
LFM  chirp  may  be  windowed  with  6  different  windows  to 
allow  tradeoffs  between  range  sidelobes  and  resolution.  The 
AWG  is  the  smallest  system  component  at  about  25  lbs. 

Digital  Subsystem 

The  digital  subsystem  consists  of  a  486-based  Personal  Com¬ 
puter  system  which  has  a  total  weight  of  55  lbs.  A  high 
performance  analog-to-digital  converter  operates  at  a  sampling 
rate  of  500  MHz.  The  software  can  be  configured  to  do  the 
range  compression  and  display  in  real-time  or  to  simply  collect 
and  store  the  raw  data.  In  order  to  meet  timing  constraints,  the 
data  is  collected  into  memory  and  dumped  to  the  disk  after  a 
maximum  sample  length  of  about  100  seconds.  The  data  can  be 
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Figure  1:  YSAR  Block  Diagram 
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Figure  2:  YSAR  Frequency  Plan 

compressed  onboard  or  downloaded  to  high-end  workstations 
for  further  processing. 

Antenna  Subsystem 
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Figure  4:  A  one-look  grazing-incidence  image  taken  from  a 
truck  in  Provo  Canyon. 

the  rear  seat.  The  initial  test  was  in  a  rural  area  with  corner 
reflectors  placed  in  the  primary  target  areas.  Several  passes 
were  made  to  try  different  parameters  and  altitudes. 


The  antenna  subsystem  consists  of  two  custom  microstrip  patch 
arrays.  Each  antenna  array  is  approximately  3  by  1.5  feet  and 
is  connected  to  the  RF  subsystem  by  standard  SMA  cables. 
Two  such  arrays  are  used  to  improved  isolation  between  the 
transmitter  and  receiver  portions  of  the  RF  subsystem.  The  two 
antenna  arrays  are  identical  and  are  mounted  end  to  end. 

The  Sonnet  Software  electromagnetic  analysis  package 
was  used  in  the  design  of  the  microstrip  patch  array.  The 
patches  in  the  array  were  designed  to  resonate  at  three  different 
frequencies  to  improve  the  bandwidth  of  the  antenna.  The 
feed  lines  were  matched  to  the  port  of  the  antenna  using 
transmission  line  methods.  The  patches  are  fed  in  phase  and 
with  equal  power.  The  arrays  were  fabricated  on  an  inexpensive 
substrate,  resulting  in  a  somewhat  lossy  though  well-matched 
antenna.  The  standing  wave  ratio  (SWR)  of  the  array  is  below 
2  over  the  entire  200  MHz  bandwidth  and  is  1.27  at  the  center 
frequency.  The  beam  width  is  8.8^  in  azimuth  and  35.0^  in 
elevation  at  the  center  frequency.  The  center  fed  antenna  array 
layout  is  shown  in  Fig.  3. 

DEPLOYMENT 

The  initial  system  tests  were  made  with  the  system  mounted 
on  a  truck  in  a  nearby  canyon.  Corner  reflectors  were  placed  at 
strategic  locations  to  aid  in  identifying  items  in  the  image.  The 
images  obtained  from  these  tests  are  lower  quality  because  of 
the  grazing  incidence.  The  speed  and  direction  of  travel  were 
also  not  as  constant  in  the  truck  as  in  an  airplane. 

In  a  recent  series  of  test  flights,  the  antennas  were  mounted 
below  the  airplane  fuselage,  and  the  rest  of  the  hardware 
occupied  the  seat  directly  behind  the  pilot.  The  operator  sat  in 


RESULTS 

A  representative  image  from  the  truck  tests  is  shown  in  Fig.  4. 
This  image  was  taken  at  approximately  22  m/s  (50  mph)  with 
an  azimuth  sample  rate  of  200  Hz  and  a  chirp  length  of  lyus. 
Several  of  the  identified  features  are  labeled  in  the  figure.  The 
radar  was  on  the  road  at  the  top  of  the  image  (not  seen),  moving 
to  the  left  and  looking  down  the  page.  There  is  a  short  section 
of  guardrail  along  the  road  to  the  right  of  the  figure.  Just  behind 
that  and  a  little  further  along  the  road  are  some  parked  cars. 
Near  the  left  of  the  picture  and  close  to  the  road  is  a  set  of  small 
hills  with  a  corner  reflector  on  top  of  one  of  them.  In  the  center 
of  the  image  there  are  several  tree-covered  hills,  with  a  corner 
reflector  identified  on  one  of  them.  In  other  images  further  up 
the  canyon  a  pipeline  can  clearly  be  seen  at  about  200  m  up  the 
hillside. 

Fig.  5  shows  an  image  taken  from  the  initial  airplane  test. 
An  air  photograph  of  the  same  area  is  shown  in  Fig.  6.  The 
image  was  taken  at  approximately  52  m/s  (100  knots)  with  an 
azimuth  sample  rate  of  200  Hz  and  a  chirp  length  of  1.5  fis. 
The  altitude  is  1000  ft.  Important  features  are  labeled  in  both 
figures.  The  airplane  was  flown  parallel  to  the  road  seen  near 
the  bottom  of  the  image  (just  below  the  edge  of  the  photograph). 
A  church  building  can  be  seen  near  the  road  at  the  right  of 
the  image.  A  parking  lot  surrounds  the  building,  with  a  fence 
and  concrete-lined  ditch  behind  the  parking  lot.  Just  behind 
the  fence  and  between  the  houses  to  the  left  are  unplowed 
fields.  Further  left  is  a  road  perpendicular  to  the  line  of  flight, 
with  houses  and  other  buildings  along  it.  Further  away  from 
the  flight  path  near  the  center  of  the  image  is  a  plowed  field 
with  a  corner  reflector  pattern  in  it.  The  corner  reflectors  were 
arranged  in  the  form  of  a  line,  with  a  large  (Im)  reflector  in  the 
center  and  smaller  (0.6  m)  reflectors  at  the  ends.  This  reflector 
pattern  can  be  seen  more  clearly  in  Fig.  7,  which  is  a  closer 
view  of  that  portion  of  the  image. 


Figure  3;  Layout  of  An  Antenna  Patch  Array 
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Figure  5:  A  one-look  image  taken  from  an  airplane  at  1000  ft.  Darker  shades  are  brighter  ii 
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Figure  6:  Air  photograph  of  the  target  area. 


Figure  7:  Close-up  image  of  the  corner  reflectors.  The 
grayscale  is  reversed  with  respect  to  Fig.  5. 
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Abstract  —  This  paper  presents  a  software  architecture  that 
first  suggests  concurrent  sets  of  images  that  can  be  used  to 
answer  a  thematic  issue,  second,  sorts  the  sets  of  solutions  to 
match  user  preferences,  and  third,  gives  a  mission  planning 
scheme  for  image  acquisition  in  order  to  have  an  estimation 
of  the  overall  delay  required  to  solve  the  thematic  problem. 
The  main  characteristics  of  this  architecture  are  that  problem 
analysis  and  decision  making  are  separated  in  order  to  satisfy 
a  large  number  of  users  and  that  mission  planning  uses  a 
scheduling  algorithm  that  globally  plans  all  ground  based  and 
on  orbit  activities  from  problem  statement  to  problem 
resolution. 

INTRODUCTION 

Nowadays,  several  kinds  of  satellite  images  are  available,  and 
selecting  an  image,  or  a  set  of  images,  to  solve  a  particular 
problem  (a  cartographic  problem,  an  agriculture  related 
problem...)  can  be  a  real  headache  for  someone  who  doesn’t 
have  a  serious  background  in  remote  sensing  and  image 
processing.  There  is  a  risk  to  order  non  adapted  images,  and 
to  loose  time  in  processing  these  images  or  in  ordering  other 
ones. 

Another  important  point  is  to  be  able  to  know  how  long  it  is 
going  to  take  to  solve  the  problem.  To  answer  this  question 
the  time  required  to  acquire  images  must  be  known.  This 
mission  planning  problem  requires  also  serious  orbitographic 
knowledge  to  be  solved. 

Different  approaches  of  mission  planning  can  be  found  in 
literature  [1,2],  but  no  one  proposes  the  suggestion  of 
appropriate  images  associated  to  it. 

Thus,  this  paper  presents  a  software  which,  to  answer  a 
thematic  issue  (in  cartography,  geology,  telecom¬ 
munication,.,),  aims  at : 

•  suggesting  concurrent  sets  of  images,  possible  solutions  to 
the  problem, 

•  sorting  the  solutions  to  match  user  preferences, 

•  giving  a  mission  planning  scheme  for  image  acquisition  in 
order  to  estimate  the  delay  required  to  solve  the  problem. 

This  software  architecture  is  dedicated  to  non  experts  in 
image  processing  who  realize  all  the  potentialities  of  satellite 
images  but  don't  know  which  ones  they  need  for  their 
application. 

First  the  general  architecture  of  the  software  is  presented. 
Then  the  main  functions  of  the  architecture  are  presented  : 
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Problem  Formulation,  suggestion  of  a  concurrent  set  of 
images  (Problem  Analysis),  Solution  Sorting  and  Mission 
Planning, 

ARCHITECTURE 

As  depicted  on  Figure  1,  the  system  is  divided  into  four  main 
functions : 

Problem  Formulation  :  This  function  is  a  user  interface.  The 
user  selects  a  product  and  its  characteristics. 

The  notion  of  product  has  been  chosen  to  be  quite  general  in 
the  way  of  formalizing  a  domain  specific  problem. 

Problem  Analysis  :  This  function  analyses  the  product  and 
translates  it  into  images  to  acquire. 

Analysis  is  performed  using  a  modeling  of  defined  sensors, 
definition  of  the  product,  and  expert  rules. 

Solution  Sorting  :  This  function  sorts  solutions  using  user 
defined  criteria. 

Mission  Planning  :  For  each  solution,  this  function  gives  an 
estimate  of  the  overall  time  required  to  answer  the  thematic 
query  with  this  solution. 

Each  function  is  activated  once.  Thus,  Problem  Analysis 
function  has  to  generate  enough  solutions,  all  as  different  as 
possible,  to  ensure  an  effective  sort  of  these  solutions,  and  to 
give  maximum  chances  to  mission  planning  to  succeed  on  at 
least  one  solution. 


Figure  1  :  general  scheme 


Solution  generation  (Problem  Analysis)  and  solution  selection  adding  images  to  a  solution  to  improve  it,  if  necessary. 
(Solution  Sorting)  are  independent.  This  ensures  that  a  Hence,  solutions  are  multisensor  and  are  based  on 
solution  won't  be  declared  non  adapted  before  being  redundancy  or  complementary  of  sensors  depending  on  the 
compared  with  other  solutions.  user  product. 


Mission  Planning  can  be  performed  on  a  selection  of 
solutions  because  this  function  is  time  consuming. 

We  do  think  this  architecture  is  quite  general  and  can  be 
applied  to  a  wide  range  of  application  domains.  If  the  domain 
changes,  the  user  interface,  the  products  and  the  expert  rules 
have  to  be  modified,  but  the  generic  architecture  can  remain 
unchanged. 

PROBLEM  FORMULATION 

A  user  queries  the  system  by  choosing  a  product  among  pre¬ 
defined  ones.  A  product  can  be  image  related  (DTM,  image 
classification...)  or  domain  specific  (soil  humidity,  ice 
classification,  urban  area  detection...).  Its  definition  generally 
contains  objects  that  have  to  be  observed  in  images  in  order 
to  make  the  product. 

Temporal  acquisition  constraints  can  also  be  specified  if,  for 
example,  more  than  one  acquisition  is  desired.  The  user  can 
also  specify  the  maximum  number  of  images  he  wants  and 
their  maximum  cost.  Finally,  restrictions  on  desired  images 
can  be  directly  specified,  for  advanced  users  who  have 
notions  of  images  they  need.  For  example,  a  user  can  specify 
he  only  wants  radar  images,  or  images  with  better  resolution 
than  10m. ,. 

PROBLEM  ANALYSIS 

This  function  analyses  the  user  defined  product  and  translates 
it  into  images  to  acquire  or  to  retrieve  from  an  archive.  Each 
image  included  in  a  solution  is  specified  with  the  following 
characteristics  : 

•  satellite  family  (ex  :  SPOT- 1-2-3).  The  name  of  a 
particular  satellite  within  a  family  (ex  :  SPOT-1)  is  not 
fixed.  Mission  planning  will  choose  which  satellite  is 
better  to  minimize  acquisition  time. 

•  sensor  (ex:  HRV) 

•  sensor  mode  (ex  :  XS) 

•  incidence  angle  range 

•  geographic  coordinates  of  area  of  interest 

•  observation  date  ranges 

•  polarization  and  number  of  look  for  radar  images 

Analysis  is  performed  in  two  steps  (cf  Figure  2).  The  first 
one  is  an  initialization  step  and  consists  in  creating  an  initial 
set  of  solutions.  This  set  contains  one  solution  per  defined 
sensors  and  mode  of  sensors.  The  second  step  is  an  expertise 
step  and  consists  in  evaluating  the  solutions  already  created, 
fixing  their  characteristics,  and  creating  new  solutions  by 


To  be  adaptable  to  various  kind  of  application  domains, 
expertise  is  performed  using  specialist  modules.  Each 
specialist  is  in  charge  of  evaluating  a  particular  characteristic 
of  a  solution.  Some  specialists  are  domain  specific,  and  their 
functionality  depends  on  the  products  defined  in  the  system. 
It  is  the  case  of  the  sensor  specialist  which  evaluates  the 
adequacy  between  sensors  indicated  in  a  solution  and  the  user 
product.  The  resolution  specialist  is  also  specific  and 
evaluates  the  sensor  resolution  adequacy  with  the  product... 
Other  specialists  are  more  general,  like  the  cost  specialist  that 
evaluates  the  cost  of  a  solution  (sum  of  image  prices)  and 
check  its  compatibility  with  user  financial  constraints. 
Specialists  use  expert  knowledge  and  user  product 
specification  for  their  evaluations. 

Output  of  this  function  is  a  set  of  concurrent  solutions.  Each 
solution  is  evaluated  from  different  points  of  view.  Basically 
there  is  one  point  of  view  per  specialist.  For  example,  each 
solution  may  contain  a  sensor  adequacy  evaluation,  a 
resolution  adequacy  evaluation,... 

SOLUTION  SORTING 

This  function  allows  sorting  solutions  to  find  out  what  are  the 
best  ones  for  each  user.  Therefore,  the  user  chooses  a  sorting 
strategy  (during  Problem  Formulation).  This  strategy  is 
composed  of  a  list  or  sorting  criteria.  The  first  criterion  is  the 
most  important  for  the  user,  and  the  last,  the  less  important. 
Sorting  criteria  are  those  defined  in  specialist  modules  during 
the  preceding  Problem  Analysis. 


Figure  2  :  Initialization  and  Expertise  by  specialist  modules 


Sort  is  being  processed  on  the  first  criterion.  Equivalent 
solutions  from  this  point  of  view  are  then  sorted  with  the 
second  criterion,  etc. 

Using  this  method,  each  user  can  sort  solutions  taking  into 
account  his  own  needs. 

MISSION  PLANNING 

This  function  takes  as  input  a  solution  and  schedules  all  its 
activities  from  problem  statement  to  problem  resolution.  It 
answers  the  following  questions  :  When  my  problem  can  be 
solved,  and  is  it  compatible  with  the  time  I  have  ? 

For  each  image  acquisition  included  in  the  solution,  following 
ground  based  and  on  orbit  activities  are  modeled  (cf  Figure 

3): 

•  Problem  formulation  (system  query)  at  the  query  analysis 
center, 

•  Processing  of  image  ordering  at  mission  planning  center, 

•  Satellite  programming  at  a  command  ground  station, 

•  Satellite  observation, 

•  Data  acquisition  at  a  reception  ground  station, 

•  Data  processing  at  satellite  data  processing  center  to 
create  images, 

•  Image  processing  to  answer  the  problem. 

First,  activity  duration  and  precedence  delays  between  these 
activities  are  evaluated.  Then,  all  activities  are  scheduled  and 
resources  are  allocated. 

Scheduling  of  activities  of  all  images  is  performed  in  a  single 
process.  Thus,  conflicts  between  concurrent  resources 
(ground  stations  for  example)  are  managed  correctly. 

Principal  constraints  taken  into  account  are  : 

•  Geometrical  accessibility  to  an  area  of  interest  from  an 
orbit, 

•  Ground  station/satellite  visibility, 

•  Operational  availability  of  ground  centers, 

•  Sun  lightning  of  the  area  of  interest(day,  night). 


Satellite  orbitographic  model  used  by  the  system  is  generic 
for  all  satellites.  Hence  it  is  simplified  and  cannot  be 
compared  to  any  ground  station  satellite  programming 
models.  More  over,  external  conflicts  of  scheduling,  and 
system  failures  cannot  be  modeled.  Thus  output  of  this 
function  is  only  a  rough  estimation  of  satellite  system 
planning  that  can  be  reconsidered  due  to  model  precision  or 
external  problems. 

CONCLUSION 

We  have  presented  a  software  architecture  that  suggests  a  set 
of  images  that  can  be  used  to  answer  an  image  based 
problem,  and  gives  a  mission  planning  scheme  for  image 
acquisition  in  order  to  estimate  the  delay  required  to  solve  the 
problem. 

The  architecture  design  verifies  the  following  main 
characteristics  :  formalizing  of  query  is  made  in  terms  of 
product,  problem  analysis  is  divided  into  points  of  view  that 
are  general  or  domain  specific,  solution  creation  and  solution 
selection  (sorting)  are  independent,  and  mission  planning  is 
performed  globally  on  all  activities. 

This  design  ensures  reliability,  performance  and  reusability  in 
various  domains  of  application. 
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Abstract  -  Advanced  Solidstate  Array  Spectroradiometer 
(ASAS)  hyperspectral,  multiangle  data  were  obtained  over 
BOREAS  sites  in  Saskatchewan  and  Manitoba,  Canada  during 
four  field  campaigns  in  1994.  Flown  aboard  the  NASA  C- 
130B  at  an  altitude  of  approximately  5000  m  above  ground 
level,  ASAS  acquired  off-nadir  data  from  70  degrees  forward  to 
55  degrees  aft  along-track,  in  62  contiguous  spectral  bands 
ranging  from  400-1025  nm.  These  measurements  were 
collected  to  develop  linkages  between  optical  remote  sensing 
data  and  biophysical  parameters  at  the  canopy  level,  and  to 
provide  an  intermediate  level  in  the  process  of  scaling  local 
ground  conditions  to  satellite  observations.  ASAS  at-sensor 
radiances  over  various  canopies  were  atmospherically  corrected 
using  the  Second  Simulation  of  the  Satellite  Signal  in  the 
Solar  Spectrum  (6S)  and  at-surface  reflectance  factors  were 
derived.  Using  the  multiangle  spectral  reflectance  factors, 
spectral  hemispherical  reflectance  (PAR,  red,  and  nir)  was 
estimated,  and  spectral  vegetation  indices,  including 
hemispherical  measures,  were  calculated.  The  values  of  the 
S  Vis  varied  widely  depending  on  the  particular  angular  inputs 
to  the  calculation. 

INTRODUCTION 

As  part  of  the  Boreal  Ecosystem  Atmosphere  Study 
(BOREAS)  international  field  experiment,  the  Advanced 
Solidstate  Array  Spectroradiometer  (ASAS)  obtained 
hyperspectral,  multiangle  digital  image  data  over  boreal  forest 
canopies  in  Saskatchewan  and  Manitoba,  Canada  during  four 
field  campaigns  in  1994.  BOREAS  is  a  large-scale 
international  investigation  focused  on  understanding  the 
exchanges  of  radiative  energy,  sensible  heat,  water,  carbon 
dioxide,  and  trace  gases  between  the  boreal  forest  and  the 
lower  atmosphere  [1].  One  of  the  BOREAS  objectives  is  to 
develop  methods  for  applying  process  models  over  large 
spatial  areas  using  remote  sensing  and  other  integrative 
modeling  techniques.  The  ASAS  measurements  can  be  used 
to  establish  linkages  between  optical  remote  sensing  data  and 
biophysical  parameters  at  the  canopy  level,  and  to  provide  an 
intermediate  level  in  the  process  of  scaling  local  ground 
conditions  to  satellite  observations. 

SENSOR  DESCRIPTION 

ASAS  is  an  airborne  imaging  spectroradiometer  modified 
to  point  off-nadir  by  NASA/GSFC  for  the  purpose  of 


remotely  observing  directional  anisotropy  of  solar  radiance 
reflected  from  terrestrial  surfaces.  The  sensor  is  capable  of 
along-track  off-nadir  tilting,  and  acquired  data  at  70°,  60°,  45°, 
26°  forward  of  nadir,  nadir,  and  26°,  45°,  and  55°  aft  of  nadir 
over  the  BOREAS  sites.  For  these  data,  the  effective 
dimensions  of  the  ASAS  CCD  silicon  detector  array  are  512 
spatial  elements  by  62  spectral  elements.  Spectral  band 
centers  range  from  404-1025  nm  and  are  spaced  approximately 
10  nm  apart,  with  a  full-width-half-maximum  of  about  11 
nm.  The  array  generates  digital  image  lines  in  a  pushbroom 
mode  as  the  aircraft  flies  forward.  For  the  datasets  included  in 
this  study  which  were  acquired  at  an  altitude  between  5000- 
6000  m  above  ground  level  and  at  an  aircraft  speed  of  230 
knots,  the  across-track  ground  pixel  size  is  about  3  m  at  nadir 
and  7  m  at  60  degrees  off-nadir.  The  along-track  pixel  size 
(consistent  for  all  view  angles)  is  roughly  3  m. 

SITES 

BOREAS  study  areas  are  located  in  Saskatchewan  north  of 
Prince  Albert  (Southern  Study  Area  or  SSA)  and  west  of 
Thompson,  Manitoba  (Northern  Study  Area  or  NSA). 
Reference  [1]  gives  some  detailed  location  maps.  The  data 
presented  in  this  paper  were  collected  on  July  21,  1994  over 
three  different  SSA  Tower  Flux  sites.  Flux  measurement 
towers  and  scaffold  towers  at  these  sites  are  located  near  the 
center  of  a  1  km^  area  of  relatively  homogeneous  vegetation 
cover.  The  three  canopy  covers  examined  here  are  Old  Black 
Spruce,  Old  Jack  Pine  and  Old  Aspen.  Separate  ASAS 
datasets  over  these  targets  were  collected  in,  perpendicular  to, 
and  oblique  to,  the  solar  principal  plane  (spp)  at  solar  zenith 
angles  (sza)  ranging  from  34-37°. 

METHODS 

An  interactive  display  system  was  used  to  subset  image 
pixels  for  analysis.  Areas  of  homogeneous  canopy  adjacent 
to  the  scaffold  tower  and/or  under  the  PARABOLA  tramway 
were  selected.  Since  the  datasets  included  in  this  study  were 
not  geo-rectified,  care  was  taken  to  encompass  the  same 
subareas  from  each  of  the  multiple  view  angles.  Ground  size 
of  the  subset  areas  ranged  from  hundreds  of  square  meters  up 
to  several  thousand  square  meters.  The  mean  and  standard 
deviation  of  radiances  in  W  m"^  sr'l  [im'l  for  62  spectral 
channels  were  calculated  from  the  subsets  in  each  view  angle. 
To  derive  at-surface  spectral  reflectance  factors,  6S  (Second 


Simulation  of  the  Satellite  Signal  in  the  Solar  Spectrum)  [2] 
was  applied  to  the  spectral  at-sensor  radiances.  The  US62 
standard  atmospheric  model  and  a  continental  aerosol  model 
were  selected  to  characterize  the  atmosphere  above  the 
BOREAS  sites.  In  addition,  a  total  aerosol  optical  depth  for 
the  atmospheric  column  (at  550  nm)  was  supplied  for  each 
dataset.  Optical  depth  measurements  were  obtained  from 
BORIS  (BOReas  Information  System). 

From  this  point,  multiangle  spectral  bidirectional 
reflectance  factors  (BRFs)  can  be  input  directly  into  models 
for  estimating  hemispherical  reflectance,  or  into  calculations 
of  Spectral  Vegetation  Indices  (SVIs).  However,  an  additional 
step  is  necessary  if  BRF  values  for  bandwidths  other  than  (for 
example,  broader  than)  the  ASAS  channels  are  desired  for 
analysis.  For  this,  a  numerical  trapezoidal  integration  method 
is  used,  which  essentially  computes  an  average  of  the 
reflectance  factors  from  the  included  ASAS  bands  (determined 
by  specifying  a  min  and  max  wavelength),  weighted  by  each 
band’s  downwelling  solar  flux  (generated  by  6S).  For  these 
analyses,  reflectance  factors  for  photosynthetically  active 
radiation,  or  PAR  (400“700nm),  red  (630-690nm)  and  near- 
infrared  (760-900nm)  were  simulated. 

To  estimate  hemispherical  reflectance  (Rh)  from  a  set  of 
discrete  BRFs,  this  analysis  used  the  equation  developed  by 
Walthall  et  al.  [3]  which  describes  reflectance  as  a  function  of 
view  zenith,  view  azimuth,  and  solar  azimuth  angles: 

R  (0,  (|))  =  a0^  -  b0cos(|)  +  c  (1) 

where  R  (0,  is  the  percent  reflectance  factor,  0  is  the  view 
zenith  angle,  and  (j)  is  the  view  azimuth  angle  relative  to  the 
solar  principal  plane.  The  coefficients  a,  b,  and  c  are 
empirically  derived  by  fitting  (1)  to  the  distribution  of  ASAS 
BRFs  using  multiple  linear  regression.  Integrating  (1)  over 
the  2k  ST  solid  angle  provides  an  analytical  expression  for 
hemispherical  reflectance:  Rjj  =  (2.305  a/n)  +  c  (2) 

Using  equation  (2),  Rj^  for  PAR,  red  and  nir  spectral  regions 
was  estimated  using  view  angles  from  various  combinations 
of  flightlines  (data  collected  in  planes  parallel,  perpendicular, 
and  oblique  to  the  spp). 

Spectral  vegetation  indices  (Simple  Ratio  and  NDVI)  were 
calculated  using  backscatter,  nadir,  and  Rh  estimations  of  red 
and  nir.  The  Simple  Ratio  (SR)  is  the  nir  value  divided  by 
the  red  value,  while  the  Normalized  Difference  Vegetation 
Index  (NDVI)  is  the  (nir  value  -  red  value)/(nir  value  +  red 
value).  All  methods  described  above  are  given  in  greater 
detail  in  [4]. 

RESULTS  AND  DISCUSSION 

At-surface  reflectance  factors  observed  in  the  solar  principal 
plane  for  the  Old  Black  Spruce,  Old  Aspen,  and  Old  Jack  Pine 
canopies  are  shown  in  Figures  1,  2,  and  3  respectively.  Note 
for  all  3  canopies  the  extremely  low  reflectance  in  the  visible, 
especially  in  the  forward  scatter  direction,  and  the  much 
greater  nir  reflectance  which  is  highest  for  the  Old  Aspen  site. 
The  low  visible  ASAS  values  are  not  surprising  given  a 
decreasing  signal  response  below  490  nm  and  such  dark 
targets  in  the  visible.  Additionally,  at  the  low  end  of  the 


Figure  1.  RFs  (z-axis)  for  Old  Black  Spruce  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 


Figure  2.  RFs  (z-axis)  for  Old  Aspen  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 


Figure  3.  RFs  (z-axis)  for  Old  Jack  Pine  as  a  function 
of  wavelength  (x-axis)  and  view  zenith  angle  (y-axis) 


visible  6S  calculates  path  radiances  greater  than  the  radiances 
received  at  the  sensor,  and  consequently  the  at-surface 
radiances  in  the  visible  become  negative.  When  this  occurs, 
the  RFs  are  set  to  zero  for  plotting  purposes.  For  all 
canopies,  RFs  increase  in  the  backscatter  direction,  with  the 
greatest  RFs  usually  marking  the  anti-solar  (hotspot) 
position.  For  the  OBS  and  OA  data  (sza  of  34°  and  35 
respectively)  the  hotspot  was  captured  at  45°  backscatter, 
about  1 1°  off  the  sza,  while  the  OJP  data  recorded  the  hotspot 
at  26°  backscatter,  about  9°  off  the  sza. 

Hemispherical  reflectances  (Rh)  estimated  using  [3]  are 
shown  in  Table  1  for  OBS  and  OA.  For  PAR  estimations, 
the  extremely  low  values  for  ASAS  channels  below  529  nm 
were  arbitrarily  set  to  the  response  at  529  nm,  based  on 
cursory  examination  of  some  ground  based  observations. 
PAR  and  red  Rh  are  greater  for  the  Old  Black  Spruce  canopy, 
while  the  Old  Aspen  canopy  has  a  nir  Rh  roughly  double  that 
of  the  spruce.  Time-coincident  PAR  measurements  on  the 
ground  at  OA  yielded  a  value  for  Rh(par)  of  2.8-2.9%. 

Table  1.  Rh  estimations  (in  %)  using  view  zenith  angles 
from  different  combinations  of  flightlines  oriented  parallel, 
perpendicular,  and/or  oblique  to  the  solar  principal  plane. 


Flightline 

Rh(par) 

Rh(red) 

Rh(nir) 

Orientation 

OBS: 

.63-.69|im 

.76-.9p.m 

Parallel 

3.2 

2.8 

16.9 

Pa  4- Obi 

2.7 

2.3 

15.7 

Oblique 

2.1 

1.8 

14.5 

Pa+Perp+Obl 

2.4 

2.0 

14.8 

Pa+Perp 

2.5 

2.1 

14.9 

Perp+Obl 

1.9 

1.6 

13.8 

Perpendicular 

OA: 

1.7 

1.4 

13.1 

Parallel 

2.3 

1.8 

36.3 

Pa  +  Obi 

2.2 

1.7 

33.2 

Oblique 

2.1 

1.7 

31.6 

Pa+Perp+Obl 

2.0 

1.6 

32.3 

Pa+Perp 

1.9 

1.5 

33.1 

Perp+Obl 

1.9 

1.5 

31.0 

Perpendicular 

1.7 

1.3 

30.1 

Values  of  NDVI  for  the  OA  and  OBS  canopies  are  plotted 
against  Leaf  Area  Index  (LAI)  and  the  daily  green  fraction  of 
absorbed  PAR  (fPAR)  in  Fig.  4  and  5  respectively.  NDVI 
values  derived  from  the  various  directional  reflectances  plot 
closely  together  for  the  OA  stand  but  show  a  wide  variability 
for  the  OBS  stand.  In  Fig.  5,  though  the  fPAR  of  the  two 
stands  is  virtually  the  same,  NDVI  values  range  from  about 
0.65-0.92.  Within  clusters,  backscatter  relectances  produce 
lower  NDVIs  than  nadir  and  hemispherical  reflectances. 
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Figure  4.  LAI  for  OA  and  OBS  stands  vs.  NDVI. 
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Figure  5.  Green  fPAR  for  OA  and  OBS  stands  vs.  NDVI. 
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